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This study develops insights into main features of tropical and extratropical climate by
using the methods of dynamical systems theory, and by developing analogs from low-order
models to study observational data and output from General Circulation Models (GCMs).
The first part is inspired by the Lorenz-1984 model, and looks into hemispheric surface
temperature gradients as diagnostic indicators of mid-latitude atmospheric circulation dy-
namics. The second part examines the relationship of the location and strength of the
North Atlantic jet stream and storm track with (a) hemispheric temperature gradients, and
(b) the El Niño/Southern Oscillation phenomenon (ENSO) in reanalysis and GCMs. Con-
sidering that ENSO, operating at longer time-scales, leaves an imprint on the shorter time
scales on which the extratropical atmosphere operates, the third part of this dissertation is
concerned with ENSO predictability in the absence of external forcings.
Part I. Surface Temperature Gradients as Diagnostic Indicators of Mid-latitude
Circulation Dynamics.
Zonal and meridional surface temperature gradients are considered to be determinants of
large-scale atmospheric circulation patterns. However, there has been limited investigation
of these gradients as diagnostic aids. Here, the 20th century variability in the Northern
Hemisphere Equator-to-Pole temperature Gradient (EPG) and the Ocean-Land tempera-
ture Contrast (OLC) is explored. A secular trend in decreasing EPG and OLC is found.
Decadal and interannual (ENSO-related) variations in the joint distribution of EPG and
OLC are identified, hinting at multistable climate states that may be indigenous to the
climate, or due to changing boundary forcings. The NH circulation patterns for cases in
the tails of the joint distribution of EPG and OLC are also seen to be di↵erent. Given the
observed trends and variability of the EPG and OLC, this work extends past e↵orts to de-
velop insights into jet stream dynamics using the Lorenz-1984 (L84) model, which is forced
directly and only by EPG and OLC. The partitioning of the jet stream and eddy energy
is explored under EPG/OLC conditions mostly observed at the beginning and towards the
end of the 20th century. The di↵erences in the energy partitioning are consistent with a
weakening of the eddies and an enhanced upper-level mean zonal flow in response to warmer
surface temperature conditions, as is suggested by more complex GCMs. The response of
mid-latitude circulation to di↵erent ENSO phases is explored via a more complex version of
the L84 model, in which a heuristic ENSO model forces mid-latitude circulation though a
dynamic forcing of the EPG and OLC. In El Niño years, the probability mass of the jet/eddy
energy shifts from intermediate values to the tails of the jet energy. By contrast, for the
EPG/OLC combinations loosely associated with warmer vs. colder climate the probability
mass moves towards intermediate jet energy values. The di↵erent response of the model
to global warming vs. ENSO is consistent with the results of more comprehensive GCMs,
even though this simple low-order model lacks moist dynamics, vertical structure etc.
While the L84 model informs as to a rather limited aspect of the hemispheric atmospheric
circulation dynamics, the insights developed here lend confidence that further investigations
of EPG/OLC changes may be a useful way to build intuition as to potential changes in the
seasonality and probability distribution of mid-latitude circulation. This line of inquiry
is based on the notion that slow changes in large-scale parameters, which can be brought
about by low-frequency natural variability or anthropogenic climate change, can have sig-
nificant impacts in the persistence of the di↵erent states of synoptic circulation.
Part II: The Relationship of Midlatitude Jet and Eddy Energy with Surface
Temperature Gradients and ENSO Forcing.
Projected changes in midlatitude circulation under climate change include a poleward move-
ment of the jet, enhanced upper-level mean zonal flow, and a reduction in the amplitude
of the stationary waves caused by the change in the zonal-mean basic state. Theories have
been o↵ered to explain this response, which include, inter alia, forcings and feedbacks from
stratospheric ozone, moisture changes, and surface and upper-troposphere temperature gra-
dients. In this study, we consider the equilibration of the statistics of midlatitude circulation
with surface temperature gradients, and use the latter as indicators of the former. The win-
ter (DJF) equator-to-pole temperature gradient and ocean-land contrast have decreased in
the 20th century; these decreases were of the order of the observed subseasonal variability.
Here, the probability structure of midlatitude circulation in the North Atlantic in relation to
such decreases in the surface temperature gradients is examined, in reanalysis and in three
GCMs. Weak surface temperature gradients are associated with a poleward movement of
the storm track, accompanied by a strengthening of the subpolar (eddy-driven) jet and a
concurring weakening of the subtropical jet. In the 21st century simulations under a sce-
nario of high greenhouse gas emissions, the projected decreases in the surface temperature
gradients are one order of magnitude larger than the ones observed over the 20th century,
while for the ocean-land contrast the projected decreases are approximately of the order
of magnitude of the changes seen in the 20th century. At the same time, the probability
structure of midlatitude circulation responds to ENSO phases with an equatorward shift
and strengthening of the subtropical jet. In addition, the models project a trend towards
El Niño-like SST conditions in the tropical Pacific. Then, the question arises, whether the
expected response in the 21st century resembles the response to El Niño, or the relation
to decreased surface temperature gradients. It is shown that the models examined here
project a 21st century response in the direction of the El Niño response for the subtropical
jet (strengthening and equatorward shift), but in the direction of the response to decreasing
surface temperature gradients for the subpolar jet (slight poleward shift and strengthening).
These results indicate the the combined e↵ect of the tropical and extratropical SST changes
may set up conditions for a separation of the jet stream in the North Atlantic.
Part III: Variability in ENSO predictability of the first kind.
The presence of rich ENSO variability in the long unforced simulation of GFDLs CM2.1
motivated the use of tools from the ergodic theory of dynamical systems to study variabil-
ity in ENSO predictability, and its possible connections to ENSO magnitude, frequency,
and physical evolution at the epochal and individual-event levels. The Local Lyapunov
Exponents from the monthly NINO3 SSTa are used to characterize periods of increased or
decreased predictability. The Local Lyapunov Exponents describe the growth of infinitesi-
mal perturbations due to internal variability; i.e. they could be considered as a measure of
the predictive uncertainty at any given point in the system phase space. Predictability varies
(multi)decadally by as much as 9-18%, and ’active’ ENSO periods are more predictable than
’inactive’ ones. Also, epochs with regular periodicity and moderate ENSO magnitude are
classified as the most predictable by the local lyapunov exponents.The error-doubling time
of small perturbations seems linearly related to ENSO frequency and magnitude during
epochs of distinct ENSO variability.
The results are compared to the ERSST.v3 dataset, where information appears to get lost
less rapidly than in the GCM. In addition, the GCM is less predictable than an intermediate
model of the tropical Pacific, namely the Zebiak-Cane model. This could be revealing a
discrepancy between real-world and GCM predictability, or it may arise from the in-filling
techniques and external forcings present in the historical reconstruction. Furthermore, this
study suggests that caution be exercised when interpreting the ENSO predictability- mag-
nitude relationships based on limited records, and shows that long model simulations are
useful for putting the predictability inferred from the 100-yr long record into perspective.
In the model, events with more heat pile-up in the western Pacific five years prior to their
peak are deemed the most predictable. At the individual-event level, decreased predictabil-
ity seems associated with a ’de-coupling’ of predictability between the upper-ocean heat
content and the SST anomaly, likely resulting from the role of the air-sea interactions.
The results are in reasonable agreement with expectations from the physical understanding
of the ENSO system, which lends confidence in using these tools to characterize predictabil-
ity in GCMs under current and future climate. The memory loss between the upper-ocean
heat content and the NINO3 SST anomaly, associated with the stochasticity of winds, in-
dicates that the heat content anomaly (or the thermocline depth anomaly) may be a better
variable for mapping ENSO teleconnections. Therefore, the real issue here is associated
with the predictability gain in a ’slow’ versus a ’fast’ variable, and with the predictability
gain associated with spatial and temporal averaging.
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Chapter 1
Introduction
For want of a nail the shoe was lost.
For want of a shoe the horse was lost.
For want of a horse the rider was lost.
For want of a rider the message was lost.
For want of a message the battle was lost.
For want of a battle the kingdom was lost.
And all for the want of a horseshoe nail.
Old English Proverb, ca. 1485
1.1 Motivation
The global climate system is a nonlinear system of high complexity; understanding its mech-
anisms and predicting its changes is one of the most complex scientific challenges.
[Lorenz, 1975] defines climate as the set of all statistical properties over a long but finite
time interval of an ensemble of many perturbed states of the atmosphere. Climatic change
would then refer to changes in the aforementioned ensemble statistics between two time
intervals. In the case of midlatitude storms, for example, it would refer to changes in the
mean strength or location of the jet stream and the storm track, or changes at the extremes
of these midlatitude circulation features. Climatic prediction is defined by [Lorenz, 1975]
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as the process of determining how these statistics will change between these time intervals,
and climatic predictability is concerned with whether such climatic prediction is possible.
The climatic predictability discussed above, which is sensitive to initial conditions, is defined
as predictability of the first kind. However, climatic changes could occur when external con-
ditions change, e.g. from a doubling of the atmospheric CO2 concentration. Such a climatic
change, and its associated predictability is not directly concerned with the chronological or-
der in which atmospheric/oceanic states occur, but comes in response to changes in external
forcings. This predictability is sensitive to inaccurate boundary conditions, and is referred
to as predictability of the second kind.
Predictability is limited by inherent instabilities of the climate system. The question of
predictability of a climate phenomenon is e↵ectively the question of whether there exist a
length scale L and a time scale ⌧ of averaging of the climate variable where its dynamics
does not have exponential growth of small errors, and therefore the system is less sensitive
to initial conditions [Abarbanel et al., 1991b]. It is important to note that both the length
L and the time scale ⌧ of averaging should be considered. If there is a time scale ⌧ over
which the global temperature is predictable, there will be a length scale L(⌧), less than
global, for which predictability fails at the same averaging time [Abarbanel et al., 1991b].
Of course, the scales of predictability need not be uniform, and they depend on the scales
at which each climate phenomenon operates.
The multi-scale structure of the coupled climate system is a source of climatic predictabil-
ity, even if each component of the system is non-periodic. Hence, the atmosphere could
be predictable beyond the mean deterministic limit, due to its coupling to the oceans
and continental land masses [Palmer, 1993]. The oceanic and land-mass processes vary
slowly in comparison to the atmosphere, and they carry memory beyond the atmospheric
scales, purely by persistence. This memory can then propagate to the atmospheric system:
For example, SST patterns in the tropical Pacific, associated with the El Niño/Southern
Oscillation (ENSO) phenomenon, are predictable at seasonal time scales. Through their
extratropical teleconnections, they influence the ensemble statistics of weather at the mid-
latitudes; in other words these teleconnections extend the range of predictability of the
atmosphere.
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Then, the problem of the impact of GHG-induced large-scale SST changes, and that of
ENSO-induced tropical SST anomalies on the ensemble statistics of midlatitude atmosphere
can be seen as a problem of coupled ’slow’ and ’fast’ manifolds operating at time scales from
subseasonal (for the jet stream and eddies) to interannual to decadal (for ENSO) to cen-
tennial (for the hemispheric temperature gradients a↵ected by climate change). And the
question of predictability of each component of the coupled system is the question of the
imprint of the longer time scales on the shorter ones.
1.2 Problem Statement and Approach
Extreme weather phenomena with great societal impacts, such as droughts and floods,
are often associated with persistent atmospheric circulation regimes related to latitudinal
shifts of the jet stream and atmospheric blocking. Future changes in the probability of
such midlatitude circulation features may occur due to (a) changes in base-state circulation
in response to climate change, (b) changes in the El Niño-Southern Oscillation (ENSO)
phenomenon (natural or forced), and (c) changes in the strength of the tropical-extratropical
teleconnections.
Midlatitude circulation responds to and interacts with numerous components of the climate
system in a nonlinear fashion, e.g. stratospheric ozone, moisture changes, temperature
gradients at the surface or aloft, etc, which challenges the identification of a clear causality
function. Nevertheless, through these interactions, the statistics of midlatitude circulation
equilibrate with the surface temperature gradients.
Then, the following questions arise:
1. Can slow and small changes in large-scale parameters, like the ones expected under
anthropogenic climate change or induced by climate variability (ENSO), have sig-
nificant impacts on midlatitude climate, i.e. the midlatitude atmosphere attractor?
How are these changes manifest in the persistence and probability structure of the
midlatitude circulation?
2. How do the changes in the midlatitude attractor in relation to the slowly varying
surface temperature gradients (climate change), and with ENSO phases (climate vari-
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ability), compare to each other? What is the dominant response pattern in the 21st
century projections?
As discussed above, the structure, timing and amplitude of SST anomalies associated with
ENSO could a↵ect the probability structure of the jet and eddy response in the extratropics.
Changes in future ENSO amplitude, frequency and location of peak SST anomalies that may
influence tropical-extratropical teleconnections are an unresolved issue [Fedorov and Phi-
lander, 2000; Meehl et al., 2007; Meehl and Ting, 2007; Yeh et al., 2009; Collins et al., 2010;
Lee and McPhaden, 2010]. However, it has been shown that regime-like ENSO behav-
ior, whereby specific ENSO characteristics persist for decades or centuries, need not result
from external forcing, such as solar, volcanic, or GHG forcing, but may arise as a re-
sult of natural variability [Wittenberg, 2009]. Based on this, and recognizing that ENSO
predictability could lend elements of predictability to its extratropical teleconnections, in-
cluding the strength and position of the midlatitude storm track, this study explores ENSO
predictability of the first kind in a long pre-industrial GCM simulation.
1. Are there persistent predictability regimes in the absence of external forcings?
2. Are these regimes associated with ENSO amplitude and frequency?
3. How does predictability of tropical SST anomalies relate to the memory of slower
system variables, such as the upper-ocean heat content, and faster variables, such as
the surface winds?
To answer the above questions, probability-space methods, as well as numerical techniques
from dynamical systems theory are employed in this dissertation.
1.3 Overview of the dissertation
This dissertation is organized in four parts.
In Part I, the relationship between hemispheric zonal and meridional temperature gradients
and midlatitude circulation dynamics is considered. First, the 20th century variability in
the Northern Hemisphere Equator-to-Pole temperature Gradient (EPG) and the Ocean-
Land temperature Contrast (OLC) is explored, as well as their relation to NH circulation
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patterns. Then, the [Lorenz, 1984] model of midlatitude atmosphere is used to explore
the qualitative response of the jet and eddy energy to (a) small decreases in the surface
temperature gradients as a result of a warming climate, and (b) polarized ENSO phases.
In Part II, an L84-inspired framework is developed to investigate the jet and eddy dynamics
in reanalysis data and in GCMs. The sensitivity of the jet and eddy strength, location, and
interaction to decreasing surface temperature gradients and to ENSO forcing is examined,
via their probability density functions. Then, the projected changes in the 21st century
mildatitude circulation are linked to changes in the hemispheric temperature gradients, and
to changes in the tropical Pacific.
In Part III, predictability of the ENSO system and its uncertainties are assessed, using
methods from the ergodic theory of dynamical systems. These methods are applied to the
2000-yr long pre-industrial simulation from the GFDL CM2.1 climate model, and the rela-
tionship of ENSO predictability with ENSO amplitude, frequency, and physical evolution
is examined.
Finally, Part IV of this dissertation discusses the contributions of this study, and future
perspectives.
6 CHAPTER 1. INTRODUCTION
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Part I





Science may be described as the art of systematic over-simplification:
the art of discerning what we may with advantage omit.
Karl Popper, The Open Universe
Zonal and meridional surface temperature gradients are considered to be determinants of
large-scale atmospheric circulation patterns. However, there has been limited investigation
of these gradients as diagnostic aids. Here, the 20th century variability in the Northern
Hemisphere Equator-to-Pole temperature Gradient (EPG) and the Ocean-Land tempera-
ture Contrast (OLC) is explored. A secular trend in decreasing EPG and OLC is noted.
Decadal and interannual (ENSO-related) variations in the joint distribution of EPG and
OLC are identified, hinting at multistable climate states that may be indigenous to the
climate or due to changing boundary forcings. The NH circulation patterns for cases in
the tails of the joint distribution of EPG and OLC are also seen to be di↵erent. Given
this context, this study extends past e↵orts to develop insights into jet stream dynamics
using the Lorenz-1984 model, which is forced directly and only by EPG and OLC. The
joint probability distribution of jet stream and eddy energy, conditional on EPG and OLC
scenarios, is investigated. The scenarios correspond to (a) warmer vs. colder climate con-
ditions, and (b) polarized ENSO phases. The latter scenario involves the use of a heuristic
ENSO model to drive the Lorenz-1984 model, via a modulation of the EPG or the OLC. As
with GCMs, the low-order model reveals that the response to El Niño forcing is not similar
to an anthropogenic warming signature. The potential use of EPG and OLC as macro-level
indicators of climate change and variability and for comparing results across GCMs and
observations is indicated.
Citation: Karamperidou, C., F. Cio , and U. Lall, 2012: Surface Temperature
Gradients as Diagnostic Indicators of Mid-latitude Circulation Dynamics. J. Climate.
doi:10.1175/JCLI-D-11-00067.1, in press.
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Chapter 2
Introduction to Part I
The mid-latitude storm track is a factor in determining moisture and heat transport asso-
ciated with enhanced precipitation events. In a seminal paper, [Lorenz, 1984] developed a
model (L84) for the jet stream and the superposed eddies that is forced by the Equator-
to-Pole temperature Gradient (EPG), and the Ocean-Land temperature Contrast (OLC).
The model exhibits chaos and intransitivity, depending on the combination of the EPG and
OLC, and its properties have been extensively investigated parametrically by a number of
authors (e.g. [Lorenz, 1990; Broer et al., 2002; Freire et al., 2008]). In the L84 model (see
Appendix A.4), the EPG is a primary driver of the mean jet stream, and the OLC of the
eddies coupled to it. Nonlinear interactions between the jet stream and the eddies lead to
complex behavior that depends on both the forcing parameters and on past states of the
system. Since the driving variables of this model are the EPG and OLC, the investigation
of the trends, and decadal and inter-annual regimes of these variables may be of primary
interest for understanding the nature of the mid-latitude storm track.
To the authors’ knowledge, only one paper, namely [Jain et al., 1999], has investigated 20th
century observations of the forcing variables EPG and OLC. [Jain et al., 1999] study the
trends, seasonality and inter-annual variability of the observed Equator-to-Pole Gradient
and Ocean-Land Contrast in the period 1900-1990, and examine their response to increased
greenhouse gas emissions in a GCM. The first part of this paper extends that work to a)
look at changes in the joint probability distribution of EPG and OLC over the last century,
focusing on decadal variations and ENSO-related changes; and b) qualitatively examine
12 CHAPTER 2. INTRODUCTION TO PART I
changes in the N. Hemisphere mid-latitude jet stream and storm track for extreme combi-
nations of EPG and OLC.
Motivated by the fact that the combination of the EPG and OLC parameters in the L84
model is what gives rise to di↵erent solutions in the phase space, our focus is on their joint
variability in the record, in addition to the trends in the individual variables. Using tem-
perature data updated since the work of [Jain et al., 1999], to construct the N. Hemisphere
EPG and OLC, we find that there is a statistically significant shift towards decreased values
for both EPG and OLC, and their combination. The mid-latitude storm track, and the con-
tinental jet entry and exit locations are shifted in years corresponding to opposite extreme
combinations of EPG and OLC. An examination of how the joint probability distribution
of EPG and OLC varies in 20-year increments over the 20th century reveals statistically
significant decadal variations in addition to the secular trend.
The joint probability density function of EPG and OLC during El Niño events is found to
be distinct from the one during La Niña and neutral states. Further, the cross-correlation
function between OLC and the NINO3 Index reflects the observed and modeled changes
in eddy-driven circulation during ENSO events. The data-based analyses of the potential
forcing of EPG and OLC by ENSO reveals a stronger relationship with OLC than with
EPG, reinforcing this observation.
Having established that there are secular, decadal, and ENSO-related variations in the ob-
served EPG and OLC, which have potential implications for circulation patterns, in chapter
4, we a) explore how the joint probability distribution of jet and eddy energy in the Lorenz-
1984 model change depending on selected combinations of EPG and OLC; and b) explore
whether driving the Lorenz-1984 model with a heuristic ENSO model [Tziperman et al.,
1994] that forces either the EPG or OLC, using coupling parameters derived from the 20th
century record, can provide insights as to the relative sensitivity of the mid-latitude circu-
lation to ENSO through either type of hemispheric forcing.
Using simulations of the L84 model forced by combinations of the EPG and OLC that lie
in the tails of their joint pdf, we show that the shifts in the pdf of the jet stream and eddy
energy are consistent with expectations from observations and GCMs. We then explore the
response of the jet and eddy energy to warm and cold ENSO phases, in an ENSO-forced
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version of the L84 model, which is introduced in section 4.2. We investigate two forcing
schemes: direct ENSO forcing to (a) the jet stream, through a modification of the EPG,
and (b) the eddies, through a modification of the OLC. The results of the second scheme are
found to be more consistent with the types of circulation shifts that are observed between
the di↵erent ENSO phases, as may be expected from the empirical observation that OLC
was more sensitive than EPG to the NINO3 in the historical record. In addition, the shifts
in the joint distribution of jet and eddy energy between warm and cold ENSO phases is
shown to be in the opposite direction to the shifts in distribution observed between the tails
of the joint {EPG,OLC} pdf that represent secular changes in these variables. The latter
indicate that the response of mid-latitude circulation to global warming is di↵erent from
the response to the El Niño teleconnection pattern, in consistency with observations from
GCM simulations [Lu et al., 2008].
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The large scale surface boundary conditions for atmospheric variability, described by the NH
Equator-to-Pole Temperature Gradient (EPG) and the Ocean-Land temperature Contrast
(OLC), are influenced, inter alia, by the state and evolution of the interannual and decadal
natural variability (e.g. ENSO), and, possibly, by long-term anthropogenic forcing. In
the following paragraphs, we investigate such relationships, and explore the connection be-
tween the aforementioned variables and large-scale circulation patterns in the mid-latitudes.
Details of the datasets and methods used are given in Appendix A.
3.1 Trends
Figure 6.1 shows the seasonal surface Equator-to-Pole Temperature Gradient (EPG) anoma-
lies in the Northern Hemisphere over the period 1870-2005. Throughout this study, the
winter of any given year is denoted by DJF, and corresponds to the average value of De-
cember of the previous year, and January and February of the given year.
In accordance with the findings of [Jain et al., 1999], there exist three periods with warm-
ing and cooling trends: 1870-1940 (warming), 1941-75 (cooling), and 1976-2005 (warming).
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The warming trend appears in all four seasons in the period 1870-1940. In each case, the
EPG becomes less negative (decreases in absolute value), which indicates a decrease in the
temperature contrast between the Equator and the North Pole. The cooling trend in the
period 1941-75 is followed by a warming trend in the period 1976-2005. The decrease in
the EPG shown in the historical record is consistent with the hypothesized poleward am-
plification of the increase in surface temperature in the Northern Hemisphere due to global
warming associated with increased CO2 [Cai and Chu, 1998]. However, the magnitude of
the post-1976 trend of EPG is not as striking as the one of the global mean temperature
anomalies during the same period (e.g. see [Hansen et al., 2006]); rather, it is comparable
to that of the 1870-1940 period. A possible explanation could be that the aforementioned
poleward amplification of the increase in surface temperatures in the NH, which accounts
for the existing, but small, trend in the EPG series, drives changes in the meridional heat
transport, which reduces the further rate of change in EPG. The interplay between the EPG
and mean global temperatures has been discussed in [Lindzen, 1994] and [Lindzen and Pan,
1994], who argue that paleoclimate changes were associated with dramatic changes in the
EPG, and that the global mean temperature change may be best viewed as a residual arising
from a change in the EPG distribution. The observation here that the post-1976 steep trend
seen in global mean temperatures does not correspond to comparable amplitude changes in
the EPG, calls for further investigation of the aforementioned interplay, and its implications
for mid-latitude storm tracks.
Figure 6.2 shows the seasonal Ocean-Land temperature Contrast (OLC) anomalies for the
zone 40 N 60 N over the 20th century. The three distinctive periods correspond to a pre-
1940 decrease in OLC, a 1941-1975 stabilization, and a post-1975 decrease, which is more
pronounced in the winter and spring seasons. A decrease in OLC indicates a relative increase
in land temperature: OLC is positive in the winter, thus the decrease in the positive value
during the wintertime means that the land temperature is increasing and approaching the
ocean temperature. On the contrary, OLC is negative in the summer, hence more negative
values indicate increase in land temperature. This is consistent with the general land-driven
warming and the delay in the ocean warming in these latitudes [Jones and Bri↵a, 1992;
Thomson, 1995; Mann and Park, 1996].
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3.2 Joint pdf of EPG and OLC and circulation patterns
Since mutual changes in EPG and OLC can have significant e↵ects on mid-latitude atmo-
spheric dynamics, as implied by the regime-like behavior of the L84 model, one needs to ex-
amine the changes in their joint probability distribution and the implication for mid-latitude
circulation. Figure 6.3 shows the joint probability density of winter OLC (40 N   60 N)
and EPG, after the two variables have been min-max normalized, i.e. after the di↵erence
between each variable and its minimum is divided by the range of the variable values. We
choose the points at the extremes, which correspond to years 1969 (high EPG and OLC)
and 1989 (low EPG and OLC) and are highlighted in the figure, to present an example of
how these extremes in the joint distribution of EPG and OLC are manifest in circulation
patterns.
Figure 6.4 shows the di↵erence in (a) mean zonal wind speed at 250hPa, (b) mean merid-
ional wind speed at 850 hPa, (c) sea level pressure, and (d) surface air temperature between
the winters of 1969 and 1989. In the case of EPG and OLC at their highest extreme (1969),
the jet stream is located more equatorward in both the Atlantic and the Pacific region
(figure 6.4a); at the same time, the high OLC (colder land masses) could be associated
with persistent large-scale systems of high pressure centered over the land areas, leading
the large-scale eddies to meander around these high-pressure regions. This is more evident
over the large land mass of Eurasia: In 1969 the high pressure system, coinciding with
low temperatures over the same region (figures 6.4c and 6.4d), is associated with poleward
eddy transport at the exit region of the Mediterranean flank of the jet, and equatorward
transport over central Russia (figures 6.4a and 6.4b). On the other hand, in the winter of
1989, when both EPG and OLC are low, the jet stream is positioned at higher latitudes
(figure 6.4a). The low OLC is not associated with organized high-pressure systems specif-
ically centered over land. A case in point is the high pressure area covering the eastern
Pacific and US west coast region; there, the poleward transport is enhanced in the exit
region of the Pacific jet (towards Alaska) meandering around the higher pressure area in
the region. This contrast in circulation patterns between cases of high and low {EPG,OLC}
combinations exists, on average, for all cases in the upper and lower 25th percentiles of the
joint {EPG,OLC} distribution (not shown here).
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3.3 Inter-annual to decadal variability of the joint pdf of
EPG and OLC
The 20th century evolution of the joint distribution of winter EPG and OLC, at decadal
time scales, shown in figure 6.5, is in accordance with periods of distinct global temperature
shifts. In the beginning of the century, the center of the distribution of EPG and OLC
values lies approximately at a combination of long-term mean values for each variable. In
the next two decades the OLC values stay at the same levels, but the EPG decreases, i.e.
there is an apparent warming of the higher latitudes with respect to the equator. In the
period 1940-1960 an apparent bimodality emerges, with one mode lying at the values of
the previous two decades, and one mode at higher EPG values. This is in accordance with
the cooling that was observed in the middle of the 20th century, which has been linked to
increased aerosol emissions due to World War II, increased industrial activities after the
war, and a number of volcanic eruptions [Meehl et al., 2004; Wild et al., 2005]. This mode
disappears as we enter the 60’s and 70’s. It is in the late 20th century (1980-2000) that
the pronounced warming at higher latitudes (lower EPG) and also the warming of the land
regions (low OLC) creates a new mode of combinations of low EPG and low OLC, which, as
discussed in the previous section, may be associated with a poleward shift of the jet stream
and associated increased precipitation at higher latitudes, and drying of lower latitudes.
Significance testing of the pdf evolution highlights the clear changes between the first half
and the second half of the century (see Appendix A.6 and table 6.3).
3.4 Empirical connections to ENSO
In addition to trends that could be attributed to anthropogenic forcing, and natural variabil-
ity associated with solar radiation, changes in energy fluxes etc, mechanisms of interannual
variability, such as the ENSO, also have an e↵ect on the meridional and zonal temperature
gradients. Figure 6.6 shows the seasonal cross-correlation function between the detrended
N-S temperature gradient at 1000 hPa and the NINO3 index. In the Northern Hemisphere,
the cross-correlation function shown in figure 6.6 peaks in the winter, decreases in the fol-
lowing spring, and disappears during the summer, to pick up again when the ENSO signals
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emerge again, in the fall. This observation is consistent with the seasonality in ENSO
and the so-called spring predictability barrier [Zebiak and Cane, 1987; Xue et al., 2000;
McPhaden, 2003].
Figure 6.7 shows the Hovmöller-type diagram of the cross-correlation function of the OLC
and NINO3 Index for latitudes in the Northern Hemisphere. The thick black lines mark
statistical significance (95%), and the dashed lines mark the latitudinal zone 40 N   60 N .
The two series are highly correlated in the tropics, while they are negatively correlated at
latitudes of approximately 15 N and 40 N , and positively correlated at high latitudes (ap-
proximately 74 N), throughout the year. Positive correlations ’move’ from low latitudes in
the first half of the year (20 N 35 N) to higher latitudes in the second half (40 N 60 N).
The positive correlation in the zone during the first half of the year is consistent with eddy-
driven cooling evidenced in [Lu et al., 2008]. The negative correlation at 40 N peaks in
the winter and fall seasons. In the band 40 N   60 N the correlation reverses its sign as
the seasons progress, and has peak positive values in the summer at 50 N   60 N . Higher
values of OLC lead to higher eddy intensity, and, thus greater dynamic instability; the
opposite occurs for lower values of OLC. Therefore, figure 6.7 is in accordance with the
hypothesis that ENSO warm events reduce eddy energy at the 40 N   60 N latitudinal
range, and increase it at higher latitudes. In the summer, positive correlation shifts from
higher (70 N   80 N) to lower latitudes (40 N   60 N) compared to the winter.
Figure 6.8 shows the joint pdf of EPG and OLC with respect to the state of ENSO. The
pdf during El Niño (warm) years is found to be significantly di↵erent from the one during
La Niña (cold) and neutral years (which are similar to each other). EPG variability is
constrained around mean values during El Niño years, while during La Niña years there is
a greater probability of low EPG values in accordance with a cooling of the tropics. The
similarity in the pdf’s in La Niña and neutral years is to be expected, given the proximity
of the two states in terms of SST anomalies in the equatorial Pacific. This is corroborated
by the significance test presented in table 6.4 and described in Appendix A.6.
The aforementioned changes in the joint pdf of the meridional and zonal temperature gradi-
ents with ENSO phase, and the connection of the joint pdf to large-scale circulation patterns
presented in section 3 motivate a study of the possible connections of mid-latitude circula-
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tion features with ENSO evolution through the e↵ect of ENSO on the EPG and OLC. This
task will be undertaken in section 4.2 of this paper, via an ENSO-forced version of the L84
model.




circulation to EPG and OLC
variability.
4.1 E↵ect of changing EPG and OLC on L84
In this section, we investigate the response of the L84 model to combinations of EPG and
OLC. The L84 model can be derived from the two-layer quasi-geostrophic model [Holton,
2004], via a truncated Fourier series expansion plus a Galerkin projection, and a further
reduction to a linearized 3D invariant manifold; it preserves the fundamental dynamics of
the interaction between the jet stream and the low-level winds, as shown in [van Veen,
2003]. A detailed description of the model can be found in Appendix A.4; we note here that
X denotes the intensity of a large-scale westerly wind current (i.e. the jet stream), while
Y and Z represent the amplitude of the cosine and sine phases of a chain of superposed
large-scale eddies. The eddies transport heat and moisture poleward at a rate proportional
to the square of their amplitude, and they are amplified at the expense of the jet stream.
[Lorenz, 1984] considers Y and Z to describe large-scale Rossby waves; however the model
lacks a mechanism for wave propagation. Therefore, distinguishing between stationary and
transient eddies is not possible in this model. The terms F and G describe the symmetric
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and asymmetric thermal forcing, which [Lorenz, 1984] identifies with the Equator-to-Pole
and Ocean-Land temperature gradients. Here, we normalize the observed EPG and OLC
values in order to correspond to the idealized forcing parameters in the L84 model (see
Appendix A.4).
We examine how the joint probability density function (pdf) of jet stream energy (propor-
tional to X2) and eddy energy (proportional to Y 2 +Z2) in the model responds to selected
EPG and OLC conditions. Given the shift from higher to lower values of EPG and OLC in
the record, shown in figure 6.5, it is of interest to examine the response of the model to two
cases in the tails of the joint pdf of EPG and OLC. We perform the experiments presented
in table 6.1 for forcing that corresponds to the following cases: (a) 1969, which reflects a
high EPG and OLC, (b) 1989, which had low EPG and OLC. The change across these two
years is loosely taken as a potential shift towards global warming conditions, in accordance
with the trends in EPG, OLC and their joint density presented in chapter 3.
As per [Jain, 1998], we note that the phase space of the L84 model simulations is quite dif-
ferent for spring and fall, when a seasonally varying forcing of EPG and OLC is considered.
Also, the tendency of EPG and OLC (e.g. EPG decreasing/increasing in the spring/fall),
and hence of the states of the L84 variables, matters for the subsequent seasons. Conse-
quently, we run the model in its seasonally varying form (equations A.9), and extract the
winter values of X, Y and Z for subsequent analyses.
Figure 6.9 shows the joint pdf of winter eddy energy (Y 2 +Z2) and jet stream energy (X2)
for the simulations under perpetual a) 1969 or b) 1989 conditions; figure 6.9c shows the
di↵erence in the joint pdf between 1989 and 1969 winters. Figure 6.9d shows the univariate
pdf of the jet stream energy.
In the case of 1969, when the EPG and OLC are both at high values, the eddy energy varies
along the y-axis, and has higher variance and skewness, with the main mode at a higher
level compared to the 1989 case. In the case of 1989, when both EPG and OLC take low
values, both the probabilities of strong eddies and of strong jet stream are reduced, and a
moderate mean zonal flow is preferred. This is also indicated by the pdf of the jet energy in
figure 6.9d, where the tails are lighter in 1989 compared to 1969. The weaker eddy energy
in 1989 is consistent with the expectation of weaker stationary eddies in a warmer climate
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[Joseph et al., 2004]. In the L84 results, this weakening of the eddies favors a more zonally
symmetric flow (or vice versa), shown in the shift in the joint pdf from the tails to a mode
centered at moderate values for both the eddies and the jet. This result is also consistent
with the findings of [Joseph et al., 2004], who show that the reduction in the amplitude
of the stationary waves in a climate change scenario is primarily caused by the change in
the zonal-mean basic state. In a model that considers the EPG as the main external driver
of the jet stream, this result may seem counter-intuitive at first, since a decrease in EPG
should act towards further weakening the jet. However, given the nonlinearity of the model,
it is not entirely unexpected. The e↵ect of the EPG on the jet is a linear amplification,
while a weakening of the eddies interacts with the jet stream in a nonlinear fashion (see
equation A.6). By comparing the relative magnitude of the rhs terms, it can be shown that
the nonlinear terms in the tendency equation A.6 dominate over the linear terms and can
explain the shift in the joint pdf in figure 6.9c. In fact, the result is in qualitative consistency
with GCM projections, which show a strengthening of the upper-level zonal wind [Lorenz
and DeWeaver, 2007].
4.2 The ENSO-forced L84 model
It has been suggested by [Lu et al., 2008] that the response of mid-latitude circulation to
global warming is in the opposite direction of the response to the El Niño teleconnection
pattern. The sensitivity of the jet and storm tracks to the distribution of SST warming
(e.g. see [Inatsu et al., 2003; Brayshaw et al., 2008; Lu et al., 2010]) could be considered
in order to explain the distinct responses. Here, by construction of the EPG variable (see
Appendix A.2), the broader the latitudinal belt of warming (as in the global warming case),
the smaller is its e↵ect on the value of EPG. Conversely, a narrow warming of the tropics
during El Niño events, would increase the EPG more. Indeed, as shown in figure 6.8c, in
El Niño years the EPG is constrained in the middle portion of the x-axis, and has higher
values compared to the La Niña years.
The relationship between tropical SSTs, and particularly ENSO-induced SST anomalies,
and midlatitude circulation has been investigated in various papers [Ropelewski and Halpert,
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1987; Kumar and Hoerling, 1995; Kumar et al., 1994]. Interannual di↵erences in the spec-
tral distributions and organization of extratropical eddies in response to ENSO events
have been explored [Mechoso et al., 1987; Hoerling and Ting, 1994]. Various teleconnec-
tion patterns have been suggested for the influence of ENSO on the mid-latitudes (e.g.
[Wang, 2001; Palmer and Mansfield, 1986a; Palmer and Mansfield, 1986b]). Much of
the related literature is discussed in [Hoerling et al., 1995; Müller and Roeckner, 2008;
Strong and Davis, 2008]. Several ways by which ENSO dynamics may receive feedbacks
from mid-latitudes have also been proposed [Gu and Philander, 1997; Kleeman et al., 1999;
Barnett et al., 1999]. In this paper we consider only the forcing of the high frequency mid-
latitude atmospheric circulation dynamics by the slowly varying ENSO state as manifest in
EPG and/or OLC.
In this section, following an approach similar to [Roebber et al., 1997], we examine two di↵er-
ent ways of dynamically forcing the L84 model with a heuristic model of ENSO [Tziperman
et al., 1994], motivated by the observational analysis in chapter 4: (a) delayed forcing of
the mid-latitude mean zonal wind (X) by ENSO through the EPG, and (b) forcing of the
mid-latitude eddies (Y,Z) by ENSO though the OLC. [Roebber et al., 1997], showed that
simulations with prescribed SSTs di↵er significantly from L84 model simulations with dy-
namic forcing by an ENSO model. Here, we discuss the e↵ect of each of the aforementioned
types of forcing on the statistics of the atmospheric components of the L84 model. Unlike
past work, we directly estimate the forcing parameters in the model from historical data
on EPG, OLC, and the NINO3 index. Seasonal variations in EPG and OLC, and in the
forcing of these variables by ENSO are considered, to get an appropriate representation of
the potential asymmetries in forcing over the year, as indicated by the data. A detailed
description of the model is given in Appendix A.5.
Figure 6.10 shows the e↵ect of ENSO phases on the joint pdf of winter jet stream and eddy
energy for the di↵erent forcing approaches. The left panel shows the composite joint pdf for
El Niño winters, while the right panel shows the di↵erence between El Niño and La Niña
winters.
When ENSO forces the jet stream equation, via its forcing of the EPG, the change in the
joint pdf between El Niño and La Niña winters is not pronounced (figure 6.10b), even though
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it seems consistent with the general strengthening of the jet stream during El Niño winters
[Seager et al., 2003]. The heavier tails that correspond to increased potential for higher jet
energy in El Niño vs. La Niña winters is also seen in the case of ENSO forcing on the eddy
equation (figure 6.10d). This forcing approach results in greater organization of the joint
pdf of jet and eddy energy (figure 6.10c). This observation suggests that the information
channel connecting mid-latitude storm track predictability and ENSO may relate more to
the baseline changes induced in OLC than EPG. This is consistent with the notion that
the ENSO e↵ects in mid-latitudes are realized through Rossby wave propagation [Seager
et al., 2003]. This observation is also supported by the agreement of the correlations in
figure 6.7 with observed changes in eddy activity in response to ENSO events, as discussed
in chapter 4. The most notable result is, however, obtained by the comparison of figures
6.9c and 6.10d: The 1989-1969 pattern (figure 6.9c), which acts as our paradigm of a global
warming trend, is in its main mode opposite to the pattern of 6.10d. In the 1989-1969 case,
the probability mass is centered with respect to jet stream energy, while, in the El Niño-La
Niña case the probability mass is shifted to the tails.This is qualitatively consistent with
the results of comprehensive GCMs, as shown in [Lu et al., 2008], who note that in the
GCMs they examined ”the extratropical atmospheric responses to global warming occurs
in a somewhat opposite fashion to the El Niño teleconnection pattern”.
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Chapter 5
Summary and Discussion
Climate models and analyses have become increasingly sophisticated over the last few
decades. Consequently, a diagnostic and low-order model analysis focused on assessing
whether or not a pair of large-scale variables provide an interesting conceptual bridge be-
tween slow and fast dynamics in a statistical context may seem odd. In personal discussions,
Ed Lorenz and Barry Saltzman suggested the idea of thinking about how changes in plan-
etary orbital parameters, or anthropogenic changes in radiative forcing, or ENSO phases
may change the EPG and OLC, and how these changes would in turn manifest as changes
in specific attributes of hemispheric circulation. While [Jain et al., 1999] made an initial
investigation into the trends in the mean values and the seasonality of these variables, and
the implications of such changes, little subsequent research on these indicators has followed.
Consequently, given updated climate data, a first objective of the current paper was to up-
date specific aspects of that work. We focused on the joint probability density function of
EPG and OLC, and showed how it changes over the 20th century, and in response to ENSO
phases. Combinations of EPG and OLC at the tails of the distribution were shown to relate
to variability in large-scale circulation patterns in the Northern Hemisphere. In addition,
the joint pdf of EPG and OLC during El Niño events was found to be distinct from the one
during La Niña and neutral states. The discernible di↵erences between the joint pdf and
their relation to circulation patterns are consistent with the generally expected outcomes
given GCM and data analyses.
We were then curious whether the changes in the EPG and OLC induced by anthropogenic
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warming, i.e. a decrease in both the variables, would lead to changes in the circulation
attributes in a simple dynamical model that parameterizes only a few aspects of the mid-
latitude circulation, namely the [Lorenz, 1984] model. While, the L84 model and its coupling
with ENSO dynamics has been well studied (see Appendix for details), the present study
is the first one to fit the L84 forcing parameters to the historical data. Thus, we attempted
to explore a resulting solution space of the L84 model that is consistent in some sense with
the 20th century data.
First, we examined the joint distributions of the jet stream and eddy energy under EPG/OLC
conditions corresponding to opposite tails of the joint {EPG,OLC} pdf: (a) a case corre-
sponding to conditions mostly observed in the beginning of the 20th century, and b) a case
corresponding to conditions mostly observed towards the end of the 20th century, which
acted as a global warming paradigm. The di↵erences in the joint distributions are con-
sistent with a weakening of the eddies and an enhanced upper-level mean zonal flow a
response of mid-latitude circulation to global warming, as is suggested by more complex
GCMs (e.g.[Joseph et al., 2004; O’Gorman and Schneider, 2008; Hernández-Deckers and
von Storch, 2011]), despite the fact that the low-order model does not consider moist dy-
namics. With regard to the response of jet stream dynamics to global warming, it has
been shown that more comprehensive, yet dry, models (e.g.[Lorenz and DeWeaver, 2007;
Butler et al., 2011]) give results that are in agreement with the projections of fully devel-
oped GCMs.
Second, we explored the response of mid-latitude circulation to di↵erent ENSO phases,
which behooved the use of a more complex version of the L84 model, in which a heuristic
ENSO model forces mid-latitude circulation though a dynamic forcing of the EPG and OLC.
We noted a greater organization of the joint pdf of jet stream and eddy energy when ENSO
forces the eddies directly. In El Niño years, the probability mass shifts from intermediate
values to the tails of the jet energy. By contrast, for the EPG/OLC combinations loosely
associated with warmer vs. colder climate the probability mass moves towards intermediate
jet energy values. The di↵erent response of the model to global warming vs. ENSO is con-
sistent with the results of more comprehensive GCMs, even though this simple low-order
model lacks moist dynamics, vertical structure etc.
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While the L84 model informs us as to a rather limited aspect of the hemispheric atmospheric
circulation dynamics, the conclusion is that changes in EPG and OLC induced by ENSO or
anthropogenic warming, or other factors can be qualitatively mapped into changes in circu-
lation parameters that are informative of the partitioning of the mid-latitude jet stream and
eddy energy. The partitioning of jet/eddy energy is particularly relevant in the entrance
and exit regions of the jet (see [Holton, 2004]). In those regions, eddy propagation has been
linked to the variability of the jet latitude [Kidston et al., 2010], and the persistence of lati-
tudinal jet shifts has been associated with the jet-eddy interaction [Gerber and Vallis, 2007;
Barnes et al., 2010]. Hence, even though the simple L84 model is not capable of represent-
ing latitudinal shifts of the jet stream, exploring the partitioning of the energy between the
jet stream and the eddies is implicitly relevant to the questions surrounding the latitude
of the jet stream and the storm tracks, and their potential poleward shifts in future GCM
projections [Yin, 2005]. In addition, such changes in the partitioning of the jet and eddy
energy are proportional to precipitation potential. Hence, independent of potential changes
in moisture dynamics, one can assess how the aforementioned aspects of circulation that
impact precipitation may change.
The insights developed here lend confidence that further investigations of EPG/OLC changes
may be a useful way to build intuition as to potential changes in the seasonality and prob-
ability distribution of mid-latitude circulation. This line of inquiry is based on the notion
that slow changes in large-scale parameters, which can be brought about by low-frequency
natural variability or anthropogenic climate change, can have significant impacts in the per-
sistence of the di↵erent states of synoptic circulation. In the context of the present study,
the ’slow’ parameters are EPG and OLC, the ’fast’ variables are the jet stream and eddy
energy, and the persistence of the states of synoptic circulation is approached via the prob-
ability density function, since each mode of the pdf corresponds to a di↵erent circulation
regime.
Investigations motivated by this line of thought can utilize the hierarchy of models -from
simple low-order models, such as the ones used in this study, to comprehensive GCMs-
and can have interesting applications. For example, these studies can identify causal rela-
tionships between intermediate variables, such as the EPG and OLC, and target variables,
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such as precipitation intermittence and intensity. These can then be used to build multi-
model combinations of GCM output by focusing on reducing the model biases on the trends
and variability of EPG and OLC. If successful, such a bias correction could o↵er hope for
large-scale improvement of resolved-scale precipitation output, instead of doing such bias
corrections for each region of interest, as is done in many applications today.
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Figures and Tables



























Figure 6.1: Northern Hemisphere seasonal Equator-to-Pole temperature Gradient (EPG)
anomalies over the 20th century. Smoothing is done using LOESS with a span of 13 years.
Shaded areas are 95% confidence intervals.















Figure 6.2: As in figure 6.1, for Northern Hemisphere seasonal Ocean-Land temperature
Contrast (OLC) anomalies (40 N   60 N).
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Figure 6.3: Joint probability density functions of winter EPG and OLC (40 N   60 N).
The two variables have been min-max normalized, so that 0 denotes the minimum ob-
served absolute value and 1 the maximum. The range of absolute values for winter EPG
is [0.7826,0.8568], and for winter OLC is [11.531,16.9841]. The marked cases correspond to
(a) 1969: high EPG and OLC, and (b) 1989: low EPG and OLC.
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Figure 6.4: The di↵erence in (a) mean zonal wind speed at 250hPa, (b) mean meridional
wind speed at 850 hPa, (c) sea level pressure, and (d) surface air temperature between the
D’68JF’69, and D’88JF’89. The winter of 1969 corresponds to high EPG and OLC, while
the winter of 1989 corresponds to low EPG and OLC.



































































































































Figure 6.5: The evolution of the joint probability density function of winter EPG and OLC
(40 N  60 N) over the 20th century. Axes as in figure 6.3. The pdf exhibits decadal shifts
in accordance with distinct global temperature shifts (see text for discussion and Appendix
A.6 for significance testing).
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Figure 6.6: Seasonal cross-correlation function of the N-S temperature gradient at 1000 hPa
and the NINO3 index. Confidence intervals are [-0.28,0.28].
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Figure 6.7: A Hovmöller-type diagram of the cross-correlation function of the OLC and
NINO3 Index in the Northern Hemisphere. The thick black lines mark statistical significance
(95%), and the dashed lines mark the latitudinal zone 40 N   60 N . The plot reflects the
observed and modeled changes in eddy-driven circulation during ENSO events (see text for
discussion).

































































































































Figure 6.8: The joint probability density function of winter EPG and OLC with respect
to the state of ENSO. The pdf during El Niño years is significantly di↵erent from the one
during La Niña (cold) and neutral years (also see table 6.4). Axes as in figure 6.3.
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Figure 6.9: The joint probability density function of winter eddy energy and jet stream
energy from the simulations of the L84 model. a) 1969: the system exhibits main modes
at enhanced eddy energy, and a weaker mode at high jet stream energy. b) 1989: the
probability is shifted and concentrates in moderate jet and eddy values. c) The di↵erence
between the 1989 and 1969 pdf. In 1989 both the probability of strong eddies and of strong
jet stream are weakened, and a moderate mean zonal flow is preferred. d) The univariate
pdf of jet energy shows lighter tails in 1989. Contours in [-1,1] at 0.05 intervals. Dashed
lines denote negative values.



















a) El Nino (ENSO forcing on Jet eqn)
c) El Nino (ENSO forcing on Eddy eqn)
0 1 2 3 4
b) El Nino−La Nina (ENSO forcing on Jet eqn)
d) El Nino−La Nina (ENSO forcing on Eddy eqn)
0 1 2 3 4
Figure 6.10: The joint density function of eddy energy and jet stream energy for El Niño
winters and the di↵erence with La Niña winters in the ENSO-forced L84 model. Subfigures
(a) and (b) regard ENSO forcing to the jet stream equation, while (c) and (d) regard ENSO
forcing to the eddy equations. Contours in [-1,1] at 0.05 intervals. Dashed lines denote
negative values.
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Table 6.1: Experiments performed to explore the response of jet stream and eddy energy
to combinations of EPG and OLC (40 N   60 N). Subscripts w and s denote winter and
summer, respectively. The winter of 1969 (Dec 1968-Feb 1969) exhibited high EPG and
OLC, and the winter of 1989 (Dec 1988-Feb 1989) exhibited low EPG and OLC (see figure
6.3).
conditions Fw(EPG) Gw(OLC) Fs (EPG) Gs(OLC) F0 F1 G0 G1
typical(mean) 8( 0.81) 1(14.04) 6( 0.35)  1( 3.49) 7 1.5625 0 1.5625
1968-69 8.3( 0.84) 1.16(16.32) 6.3( 0.37)  0.98( 3.43) 7.3 1.5625 0.09 1.675
1988-89 7.7( 0.78) 0.86(12.14) 6( 0.35)  1.04( 3.65) 6.85 1.3281  0.088 1.488
Table 6.2: Parameter values for the ENSO-forced L84 model.
↵ 0.25 ⌧1 (180 days) 1
b 4.0 ⌧2 (120 days) 1
CK L/(2.3months) ⌧3 (138 days) 1
CR CK/3   6 months
T+ 11 c+ 0.8
T  2 c  1.9
a+ 1 b+ 1.5
a  1 b  b+/5
 2.0 tX 2 months
anx 0.00513 any  0.184
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Table 6.3: The likelihood Lij of 20-yr period joint pdf’s being the same.
Highlighted values indicate pdf’s that could not be drawn from the same
population at the 10% significance level, because both Lij and Lji(bold)
or at least one of them (italic) rejects the null hypothesis.
1900-1920 1920-1940 1940-1960 1960-1980 1980-2000
1900-1920 - 0.03 0.27 0.08 0.17
1920-1940 0.14 - 1.49 0.01 0.00
1940-1960 0.43 0.32 - 0.47 0.40
1960-1980 0.34 0.02 0.94 - 1.23
1980-2000 0.00 0.05 0.66 0.70 -
Table 6.4: As in table 6.3, for the pdf’s with respect to ENSO state.
El Niño (warm) La Niña (cold) neutral
El Niño (warm) - 0.81 0.95
La Niña (cold) 1.25 - 1.47
neutral 0.77 1.19 -
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Part II
The Relationship of Midlatitude
Jet and Eddy Energy with Surface




For the man sound of body and serene of mind there is no such thing as bad
weather; every day has its beauty, and storms which whip the blood do but make it
pulse more vigorously.
George Gissing (1857-1903)
Projected changes in midlatitude circulation under climate change include a poleward move-
ment of the jet, enhanced upper-level mean zonal flow, and a reduction in the amplitude
of the stationary waves caused by the change in the zonal-mean basic state. Theories have
been o↵ered to explain this response, which include, inter alia, forcings and feedbacks from
stratospheric ozone, moisture changes, and surface and upper-troposphere temperature gra-
dients. In this study, we consider the equilibration of the statistics of midlatitude circulation
equilibrate with surface temperature gradients, and use the latter as indicators of the for-
mer. The winter (DJF) equator-to-pole temperature gradient and ocean-land contrast have
decreased in the 20th century; these decreases were of the order of the observed subsea-
sonal variability. Here, the probability structure of midlatitude circulation in the North
Atlantic in relation to such decreases in the surface temperature gradients is examined, in
reanalysis and in three GCMs. Weak surface temperature gradients are associated with a
poleward movement of the storm track, accompanied by a strengthening of the subpolar
(eddy-driven) jet and a concurring weakening of the subtropical jet. In the 21st century
simulations under a scenario of high greenhouse gas emissions (RCP8.5), the projected de-
creases in the surface temperature gradients are one order of magnitude larger than the ones
observed over the 20th century, while for the ocean-land contrast the projected decreases
are approximately of the order of magnitude of the changes seen in the 20th century. At the
same time, the probability structure of midlatitude circulation responds to ENSO phases
with an equatorward shift and strengthening of the subtropical jet. In addition, the models
project a trend towards El Niño-like SST conditions in the tropical Pacific. Then, the ques-
tion arises, whether the expected response in the 21st century resembles the response to El
Niño, or the relation to decreased surface temperature gradients. It is shown that the mod-
els examined here project a 21st century response in the direction of the El Niño response
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for the subtropical jet (strengthening and equatorward shift), but in the direction of the
response to decreasing surface temperature gradients for the subpolar jet (slight poleward
shift and strengthening). These results indicate the the combined e↵ect of the tropical and
extratropical SST changes may set up conditions for a separation of the jet stream in the
North Atlantic.
Citation: Karamperidou, C., J.F. Booth, and U. Lall, 2012: Impacts of surface
temperature gradients and ENSO on the probability structure of jet and eddy energy. in
prep.
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Chapter 7
Introduction to Part II
In Part I of this study, we examined the trends and variability of the equator-to-pole tem-
perature gradient (EPG) and the ocean-land temperature contrast (OLC) in the Northern
Hemisphere, and their connection to large-scale changes in midlatitude circulation dynam-
ics.
It was found that the EPG and OLC are both decreasing in the 20th century, and their joint
probability density function (pdf) changes in response to polarized ENSO phases. These
changes, albeit statistically significant, are relatively small in magnitude for each season:
e.g. for the winter season (DJF), the mean EPG has decreased by approximately 0.03
 C/ lat, and the OLC by approximately 2  C between the first and the last twenty years of
the 20th century. These decreases are of the order of magnitude of the subseasonal variabil-
ity. It has been shown in low-order and conceptual models of the midlatitude atmosphere
[Lorenz, 1963; Jain, 1998; Palmer, 2005; Palmer et al., 2005] that even slight changes in
the surface temperature forcings can lead to significant shifts in the frequency of the main
modes of midlatitude circulation, or, in other words, can lead to changes in the system’s
attractor. Such changes in the phase space of the midlatitude atmosphere imply changes in
the observed circulation patterns.
We therefore examined how the observed changes in the joint {EPG,OLC} pdf due to cli-
mate change or climate variability (ENSO-induced) in the 20th century are associated with
consistent shifts in large-scale features of midlatitude circulation.Strong winter EPG and
OLC correspond to an equatorward shift of the jet stream, reduced poleward wind trans-
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port, and large-scale high-pressure systems over land. On the contrary, weak EPG and OLC
are associated with a poleward shift of the jet stream, enhanced poleward wind transport
and shifted patterns of high/low pressure over land and ocean, consistent with a shift in the
stationary wave patterns. The location and strength of the jet stream and associated eddy
propagation [Kidston et al., 2010] has been linked to jet-eddy interaction [Gerber and Val-
lis, 2007; Barnes et al., 2010]. Therefore, an investigation of the partitioning of the energy
of the midlatitude jet stream and the transient eddies in connection to changing surface
temperature gradients is relevant for studying the spatio-temporal response of midlatitude
circulation to climate change and variability.
We performed such an investigation of the partitioning of the jet/eddy energy using a low-
order model, namely the Lorenz-1984 model, which we (a) forced with EPG and OLC
corresponding to a warmer vs. colder climate paradigm, and (b) dynamically forced with
a heuristic ENSO model. The response of the partitioning of the jet/eddy energy to de-
creasing surface temperature gradients was found to be in the opposite direction to the
atmospheric response to El Niño versus La Niña. This result is qualitatively consistent
with the observation that the response of the midlatitude circulation to global warming is
somewhat opposite to the response to El Niño in GCMs, as has been discussed in [Lu et
al., 2008].
Low-order models and simplified atmospheric GCMs have provided insights into the be-
havior of the midlatitude atmosphere [Lorenz, 1963; Charney and DeVore, 1979], as well as
interpretations of how anthropogenic warming [Palmer, 2005; Palmer et al., 2005; Khatiwala
et al., 2001] and climate variability [Karamperidou et al., 2012b] may change the frequency
of circulation modes. Despite their well-founded physics, these models lack the resolution,
vertical structure, moist physics, etc that are essential in order to form a comprehensive
picture of the projected responses of midlatitude circulation dynamics to climate change
and variability.
The projected changes include a poleward movement of the jet [Yin, 2005; Fyfe et al., 1999;
Kushner et al., 2001; Miller et al., 2006], enhanced upper-level mean zonal flow, and a re-
duction in the amplitude of the stationary waves caused by the change in the zonal-mean
basic state [Joseph et al., 2004; O’Gorman and Schneider, 2008; Hernández-Deckers and
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von Storch, 2011]. A poleward movement of the jet stream by approximately 1 degree of
latitude in both hemispheres has been reported in [Fu et al., 2006], who used satellite ob-
servations from the recent decades. [Thompson et al., 2000] view such a poleward shift as a
shift towards a more positive phase of the annular modes, accompanied by a strengthening
of the westerlies at subpolar latitudes coupled with a weakening of the climatological mean
jet stream at lower latitudes. The persistence of the eddy-driven jet, and the blocking fre-
quencies are also expected to decrease with climate change [Barnes and Hartmann, 2010].
Various studies using models of gradually increasing complexity -from dry GCMs to fully-
developed coupled GCMs- have o↵ered theories for the mechanisms responsible for latitu-
dinal jet shifts, changes in jet-eddy interactions, and changes in the intensity and location
of the midlatitude storm track in response to global climate change [Polvani and Kushner,
2002; Gillett and Thompson, 2003; Kushner and Polvani, 2004; Rind et al., 2005a; Rind et
al., 2005b; Haigh et al., 2005; Son and Lee, 2005; Son and Lee, 2006; Frierson et al., 2006;
Williams, 2006; Frierson et al., 2007; Wittman et al., 2007; Lee et al., 2007; Lorenz and
DeWeaver, 2007; Chen, 2007; Chen and Held, 2007; Chen et al., 2008; Lu et al., 2008;
Korty and Schneider, 2008; Brayshaw et al., 2008; Lu et al., 2010; Kidston et al., 2011;
Rivière, 2011]. However, a theory able to explain the projected changes in midlatitude
circulation features is yet to be agreed upon; the dominant mechanism that causes the
poleward shifts in response to global warming in the CMIP3 models is yet to be deter-
mined.
Here, we attempt to re-constitute the above open question in terms of the simplest physics
that govern the jet and eddy variability. To that end, we extend the observational and
conceptual study presented in Part I, and examine whether projected decreases in hemi-
spheric surface temperature gradients and polarized ENSO phases are associated with shifts
in the probability structure of the jet and eddies. We use output from models participating
in the Coupled Model Intercomparison Project 5 (CMIP5) to investigate the location and
strength of the mean zonal wind, as well as the partitioning of energy between the mean
zonal wind and the transient eddies, via their joint probability density functions. The pdf’s
are a projection of the system’s attractor, and even though they do not contain information
about how the system evolves, they are a good measure of how di↵erent regions of the phase
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space are being visited depending on external forcings or perturbations.
In this context, we develop an L84-inspired framework to view GCM projections of mid-
latitude circulation. This approach only looks at the response of the North Atlantic jet
and eddies in association with surface temperature gradients, and with ENSO. There is
a causality dilemma characterizing this approach: It is not easy to discern whether other
mechanisms are causing changes in the jet and the eddies, which in turn cause changes in
the surface temperature gradients, or it is changes in the temperature gradients (due to,
for example, high-latitude ice melting from below) that are forcing changes in the jet and
eddies. On the other hand, ENSO forcing on the equator-to-pole gradient through warm-
ing or cooling of the tropical Pacific can be considered external forcing to the Atlantic jet
and eddies. While we acknowledge the limitations imposed by this causality dilemma, the
statistics of the midlatitude circulation and the surface temperature gradients are eventually
equilibrated. We therefore show that the proposed approach is useful for providing insight
into the mechanisms that are responsible for the behavior of the midlatitude atmosphere.
We saw that the decreases in surface temperature gradients over the 20th century were
statistically significant and small, i.e. of the order of subseasonal variability. However, even
such small changes can be associated with shift in the midlatitude circulation patterns,
shown in observations and in a low-order model.
In this part of the dissertation, we address the following questions:
1. How are the surface temperature gradients expected to change under anthropogenic
warming? Hence, how may the associated midlatitude circulation probability struc-
ture change?
2. How does the midlatitude circulation probability structure respond to ENSO phases
(climate variability)?
3. How does this response compare to the changes associated with surface temperature
gradients (climate change)? What is the dominant response pattern in the 21st cen-
tury projections?
4. Is there consensus on the above-described responses among state-of-the-art global
climate models? Such a consensus, or lack thereof, can be used to assess the interpre-
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tation of future projections of midlatitude storm changes.
We will show that this approach is useful for intra- and inter-model comparison, and can be
a basis for hierarchical studies to better understand the processes responsible for the di↵er-
ent responses among models. Examining the probability structure of jet and eddy energy
in GCM projections provides a simplified -yet comprehensive- view of the sensitivity of the
midlatitude atmospheric regimes to climate change and variability. An investigation of the
probability space informs as to both changes in the mean and in the extremes. Therefore,
viewing potential changes in the midlatitude circulation properties in the probability space
is useful for linking the projected changes in the jet/eddy energy to probabilities of extreme
weather phenomena associated with temporal and spatial shifts in the jet stream and eddy
strength, and with changes in the frequency of blocking. Consequently, the approach pro-
posed here is useful for assessing future risks regarding floods and droughts that can be
linked to these persistent midlatitude atmospheric regimes.
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Chapter 8
Background
In this chapter, we provide a overview of theories that have been proposed to explain the
projected changes in the midlatitude jet stream and associated storm track. This list is
likely incomplete and continues to grow. We organize the theories in a top-down approach,
i.e. starting with stratospheric forcing and moving towards the influence of surface temper-
atures.
Increases in stratospheric temperature gradients have generated poleward shifts of the
westerlies in idealized models [Polvani and Kushner, 2002; Kushner and Polvani, 2004;
Haigh et al., 2005]. Poleward shifts have also been generated in models as a response to the
development of the ozone hole in the Southern Hemisphere [Gillett and Thompson, 2003],
and to stratospheric cooling/tropospheric heating [Rind et al., 2005a]. [Wittman et al.,
2007] found that increasing stratospheric shear acts to increase the poleward displacement
of the zonal mean jet by the eddies.
[Chen, 2007; Chen and Held, 2007; Chen et al., 2008] suggested that the increased lower
stratospheric or upper tropospheric zonal winds associated with stratospheric ozone deple-
tion or global warming, can be su cient to increase eddy phase speeds so as to shift the
circulation polewards. [Chen, 2007] found that this trend is very similar in structure to the
internal inter-annual variability due to atmospheric eddy-mean flow interactions and the
variations in the stratospheric polar vortex, rather than the SST-forced variability during
the ENSO cycle.
[Williams, 2006] linked the poleward shifts to increases in the height of the tropopause.
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[Lorenz and DeWeaver, 2007] also propose that the strengthening and poleward shift of the
zonal jets, which is accompanied by a poleward and upward shift of transient kinetic energy
and momentum flux, is primarily driven by a rise in the height of the tropopause. They
argued that the increase in moisture content and the change in the low-level equator-to-pole
temperature gradient play a secondary role.
The mechanism proposed by [Frierson et al., 2006] involves a poleward shift of the jet stream
in response to increases in water vapor and the associated latent heating.
[Lee et al., 2007] view the poleward movement of the jet in terms of linear Rossby wave
propagation, and nonlinear wave breaking near the critical latitudes. [Son and Lee, 2005;
Son and Lee, 2006] suggested that tropical heating controls the strength of the subtropi-
cal jet, and high-latitude cooling modifies the meridional width of the extratropical baro-
clinically unstable zone. When the tropical heating is small and high-latitude cooling is
large (increased temperature gradients), the eddy-driven jet is separated and the wind vari-
ability is dominated by the poleward propagation of zonal wind anomalies. In [Rind et
al., 2005b], poleward shifts are generated due to changes in the low- and high- latitude
sea surface temperatures. [Frierson et al., 2007; Lu et al., 2008] found that as surface
temperatures are warmed, the latitude of baroclinic instability onset is shifted poleward
due to increases in the static stability of the subtropics. [Lu et al., 2008] suggested that
the response of mid-latitude circulation to global warming is in the opposite direction of
the response to the El Niño teleconnection pattern. The sensitivity of the jet and storm
tracks to the distribution of SST warming [Inatsu et al., 2003; Brayshaw et al., 2008;
Lu et al., 2010] could be considered in order to explain the distinct responses.
On the other hand, [Butler et al., 2011] suggested that the poleward shift in wave generation
at lower levels is driven fundamentally by the projection of the heating onto the isentropic
surfaces at extratropical latitudes, and that the poleward shift in wave breaking near the
tropopause is due to the poleward shift in the heat fluxes within the troposphere, and the
di↵usive nature of the eddy fluxes of PV. [Korty and Schneider, 2008] associate the width
of the Hadley cell in dry atmospheres to supercriticality, which is a measure of the slope of
isentropes, and depends on both the subtropical static stability and meridional near-surface
temperature gradient. [Kidston et al., 2011] attribute the poleward shifts of the eddy-driven
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jet to increased eddy length scale. Such a mechanism does not a↵ect the equatorward flank
of the jet because the dissipation region on the equatorward flank is well separated from the
source latitudes. [Rivière, 2011] also shows that the eddy length scale largely determines
the nature of the breaking, and when the upper-tropospheric baroclinicity is reinforced,
long wavelengths become more unstable, break more strongly anticyclonically, and push
the eddy-driven jet more poleward.
It is thus evident that the mechanism responsible for the projected poleward movement and
intensification of the jet stream and storm track is still an open question. In this study, we
approach this question in terms of the simplest physics that require that the statistics of
midladitude circulation equilibrate to the surface temperature gradients, whether the latter
emerge in response to the seasonal insolation cycle, or the radiation balance related to GHG
forcing, or ENSO phases. In the following chapters we develop an L84-inspired framework
to study the probability structure of midlatitude circulation, and gain insight into questions
1 to 4 presented in the Introduction.
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Chapter 9
The probability structure of the
Atlantic jet stream and eddy
energy.
In this chapter, we develop the L84-inspired framework to study the jet and eddy interac-
tions in the Atlantic sector from the ERA-Interim reanalysis dataset, which spans the years
1979-2010 [Dee et al., 2011]. We show that the joint probability density function (pdf) of
the leading principal components of the jet and eddy energy are reflecting the seasonality
of the fields, their response to polarized ENSO phases, and their connection to strong and
weak equator-to-pole and ocean-land contrast.
The energy of the mean subtropical jet stream is proportional to u2250, where u250 is the






0 and v0 are the 2-8 day band-pass filtered zonal and meridional wind
components at 850 hPa. The subtropical jet stream would be in equilibrium with the
equator-to-pole temperature gradient in the absence of eddies. As discussed in [Lorenz and
Hartmann, 2001], the transient eddies at 850hPa are removing energy from the subtropical
jet stream, and are driving the subpolar jet. Therefore, the interaction between the eddies
and the jet that is associated with the meridional and zonal surface temperature gradients
is thought to be reflected in the partitioning of the energy between the mean zonal wind at
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250hPa and the transient eddies at 850hPa.
All subsequent analyses refers to the Atlantic sector. We perform an empirical orthogo-
nal function (EOF) analysis of the daily zonal and meridional wind fields in the region
[100 W   30 E, 20 N   60 N ]. Since the relationship between the zonal and meridional
temperature gradients and the wind fields is predominantly a function of seasonality, we do
not remove seasonality in our analysis.1
Figure 15.1 shows the leading EOF structures of u2250. The first EOF corresponds to the
energy of the mean Atlantic jet stream, while the second EOF corresponds to latitudinal
shifts of the jet energy. The magnitude of the first time expansion coe cient (first principal
component or PC-1) denotes the intensification of the subtropical jet. The second time
expansion coe cient (second principal component or PC-2) denotes a poleward shift when
positive, and an equatorward shift when negative.
Figure 15.2 shows the monthly-varying joint pdf of the first and second PCs of the jet energy
(u2250). The shifts in the joint pdf capture the seasonality of the jet: In the winter, the jet
strengthens and moves equatorward, hence the probability mass has increased variability
along the abscissa and shifts to negative PC-2 values. In the summer, the jet weakens and
moves poleward, therefore the pdf contracts and moves to positive PC-2 values.




850). The first EOF de-
scribes the mean strength of the storm track at the exit region of the jet, while the second
EOF describes the movement of the storm track along a NE-SW axis. The magnitude of
the first time expansion coe cient (PC-1) denotes the strength of the storm track in its
main center of action. The second time expansion coe cient (PC-2) denotes a NE shift
when positive, and a SW shift when negative.





850). As with the jet, the shifts in the joint pdf capture the seasonality of
1If we remove seasonality, then the leading EOF structures would describe a signal reminiscent of the
North Atlantic Oscillation (NAO). The leading EOFs of u2250, after removal of the seasonality, are shown in
figure B.9 of appendix B.2, and describe the shifting and strengthening near the core of the jet. Figure B.10
shows the joint pdf of PC-1 and PC-2, which shows increased variability during the winter, and contracts
during the summer. A study of the leading EOF structures of such an analysis would address a di↵erent
issue than the one pursued here.
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the eddies: In the winter, there is enhanced variability in both the strength at the center of
action and the movement of the storm track, while in the summer the joint pdf contracts.
As discussed in the Introduction (chapter 7), the partitioning of the energy of the midlati-
tude jet stream and the transient eddies is implicitly relevant for characterizing the location
and strength of the jet and the persistence of atmospheric blocking. Figure 15.5 shows the
partitioning of the energy between the jet and the eddies, via the joint pdf of their first
PCs. The variability of the joint pdf of the jet and eddy energy is increased during the
winter and decreased during the summer. Figure 15.6 shows the joint pdf of the second
PCs, i.e. mutual shifts in the jet and eddies, and is consistent with the poleward shifts
observed during the winter.
As shown above, the joint pdfs of the leading PCs of the jet and eddy energy reflect the
large shifts associated with seasonality. In the L84 framework, these joint pdf’s are as-
sociated with combinations of the surface temperature gradients (equator-to-pole gradient
and ocean-land contrast). The fact that the joint pdf’s are capturing the seasonality of the
jet and eddy energy is therefore expected, since the relationship between the temperature
gradients and the wind fields is predominantly a function of seasonality: Stronger gradients
during the winter are associated with increased wind variability and equatorward shifts,
while weaker gradients during the summer are associated with decreased variability and
poleward shifts.
Figure 15.7 shows the seasonal equator-to-pole gradient (EPG) and ocean-land contrast
(OLC) from the ERA-Interim reanalysis dataset (1979-2010). The equator-to-pole gradient
(EPG) refers to the bands [100 W   60 E, 3 N   73 N ], and is calculated as in Appendix
A.2. The ocean-land contrast (OLC) refers to the bands [100 W  60 E, 20 N  60 N ] and
is calculated as in Appendix A.3.
The EPG is strong during the winter (DJF), and weakens while moving into the summer
months (JJA). The OLC is positive in the winter, owing to the ocean being warmer than
the land, and negative in the summer, since the land is warmer than the ocean in that sea-
son (see chapter 3 for further discussion). The variance in both gradients in the transition
seasons (MAM and SON) is greater than in the winter (DJF) and summer season (JJA).
As seen in figures 15.7a and 15.7b and , the changes in the temperature gradients between
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seasons are big compared to the changes within each season across the 20th century. Ta-
ble 15.1 presents the mean and standard deviation of EPG and OLC for each season and
ENSO phase. The change in EPG between seasons is of the order of 0.098-0.224  C/ lat
(a 16-61 % change), while the change between ENSO phases is of the order of 0.02  C/ lat
(a 3% change). The change in OLC between seasons is of the order of 10  C, while the
change between ENSO phases is at the order of a few tenths of a degree (approximately
a 2% change). The changes in the EPG and OLC between the beginning and the end of
the 20th century were of the order of 0.03  C/ lat and 2  C (see chapter 3, figures 6.1 and
6.2). These changes are of the order of subseasonal EPG and OLC variability (see standard
deviation in table 15.1).
Hence, the changes in EPG over the 20th century are comparable in magnitude with the
changes associated with subseasonal variability and ENSO phases, while the changes in
OLC over the 20th century are comparable to the subseasonal variability, but larger than
the ones observed during ENSO phases.
We also saw in chapter 4 that even small changes in the surface temperature gradients lead
to changes in the joint jet/eddy pdfs in the L84 model. Is this also true for the energy fields
in the reanalysis dataset?
In other words, do the joint pdfs reflect changes associated with (a) decreases
in surface temperature gradients of the order of long-term changes seen in the
20th century, and (b) polarized ENSO phases?
We will address these questions in the following sections. All subsequent analyses refer to
the winter (DJF) season, when the storm track is more active, and is a↵ected by ENSO,
and when the projected changes are more robust.
9.1 Response to decreasing surface temperature gradients.
As was discussed above and in chapter 3, although the variability in the EPG and OLC
within the winter season is small, the winter patterns of the zonal and meridional wind
components are shifting poleward for weak temperature gradients within the season. More-
over, the partitioning of the jet and eddy energy in the L84 model changes when the model
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is forced with EPG and OLC values that lie in the tails of their joint pdf. Here, we examine
whether these changes can be seen in the probability space of the leading EOFs of jet and
eddy energy in the reanalysis.
Figure 15.8 shows the joint pdf of the North Atlantic equator-to-pole gradient (EPG) and
ocean-land contrast (OLC) in the ERA-Interim reanalysis dataset (1979-2010), for the win-
ter season (DJF).
We composite the pdfs of the leading PCs of the energy fields for the cases in the higher
and lower tails of the joint {EPG,OLC} pdf shown in figure 15.8. The high tail is defined
as the cases in which both the EPG and the OLC have values above their respective 67th
percentiles; the low tail is defined as the cases in which both the EPG and the OLC have
values below their respective 33rd percentiles. Since the seasonality has not been removed
in our analysis, the majority of the cases in the high tercile correspond to days in Jan-
uary (colder winter month), while the majority of the cases in the low tercile correspond
to days in December (warmer winter month). The decrease in EPG between the high and
the low tercile is of the order of 0.03  C/ lat, while the decrease in OLC is of the order of
1  C; hence the decreases observed at the subseasonal scale are of the order of the changes
observed between the beginning and the end of the 20th century. This indicates that one
could view these long-term changes in the mean seasonal EPG and OLC associated with
climate change as a movement towards a winter (DJF) that resembles December (warmer
month) of the current climate. This is the viewpoint we are adopting in this study.
For the composite corresponding to the high tail (strong temperature gradients) we expect
increased strength and variability in the jet and eddies, as well as an equatorward shift. The
opposite is expected for the composite corresponding to the low tail of the joint {EPG,OLC}
pdf (weak surface temperature gradients).
Figure 15.9 shows the di↵erence of the composite pdf’s (weak minus strong gradients) for
(a) jet intensification and shift, (b) eddy intensification and shift, (c) jet and eddy inten-
sification, and (d) jet and eddy shift. The bottom panel shows the univariate pdfs for
each PC for weak and strong gradients. Marked figures denote that the changes shown are
statistically significant at the 5% level. To determine statistical significance we perform
a Monte Carlo likelihood test described in detail in Appendix B.4. Table 15.2 shows the
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likelihood estimates; highlighted values (bold and italic) indicate that the two pdf’s could
not be drawn from the same population at the 5% significance level. Statistical significance
for the univariate pdf is determined by a Wilcoxon signed-rank test [Wilcoxon, 1945]; the
p-values are reported in table 15.3. The univariate pdf’s are significantly di↵erent in the jet
intensity (p-value<< 0.05), jet shift (p-value=0.03), and eddy shift (p-value=0.03), while
in the eddy intensity they are significantly di↵erent at the 10% level (p-value=0.11).
The main mode in the jet shift vs. intensification pdf (figure 15.9a) weakens and shifts
poleward (decreased PC-1 values and positive PC-2 values). This is seen mainly in the re-
moval of the mode of the pdf that lies in negative PC-2 values in figure 15.9a. The poleward
(equatorward) shift for weak (strong) gradients is also seen in the univariate jet PC-2 in
the fattening of the left tail of the distribution (bottom panel). This is followed by a NE
shift of the eddies in figure 15.9b, where the main mode shifts from negative to positive
PC-2 values. The mutual poleward and NE shift can be seen in figure 15.9d. The joint
jet and eddy energy is contracting and shifting to weaker jet stream values (figure 15.9c),
while the change in eddy energy is negligible (note the abscissa in figure 15.9c and the lack
of significance in the univariate eddy energy PC-2 pdf at the bottom panel).
Here, we have identified a not very clear, yet statistically significant, poleward shift of the
subtropical jet associated with weaker temperature gradients, accompanied by a NE move-
ment of the storm track. This is somewhat consistent with the poleward movement of the
storm track during a positive North Atlantic Oscillation (NAO) phase, which is associated
with weaker OLC due to thermal advection. Figure 15.10 shows the change in the joint pdf
of the PCs for positive minus negative NAO phases. The mutual poleward shifts of the jet
and eddies are clear in the NAO-positive composites. The poleward movement of the storm
track for weak surface temperature gradients can be associated with a strengthening of the
subpolar (eddy-driven) jet and a concurring weakening of the subtropical jet (figure 15.9c).
This is consistent with the view of poleward shifts of the storm track as a shift towards a
more positive NAO phase, accompanied by a strengthening of the westerlies at subpolar
latitude and a concurrent weakening of the jet at lower latitudes [Thompson et al., 2000].
In the negative NAO phase (as in the strong surface temperature gradients case), the jet
stream and storm track move equatorward, in consistency with the increased cyclogenesis
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in the South during this NAO phase [Riviére and Orlanski, 2007].
9.2 Response to ENSO
Next, we examine the response of the joint pdf’s of the North Atlantic jet and eddy energy
to polarized phases of ENSO.
To calculate the response to ENSO of the jet and eddy energy in the probability space, we
composite the El Niño (NINO3.4 > 1) and La Niña (NINO3.4 <  1) phases based on the
SST anomalies in the NINO3.4 region [5 N   5 S, 170 W   120 W ]. We take the di↵er-
ence of the composite pdf’s for each phase (DJF): this is shown in figure 15.11 for (a) jet
intensification and shift, (b) eddy intensification and shift, (c) jet and eddy intensification,
and (d) jet and eddy shift. All changes in the joint pdf’s are statistically significant, as
shown in table 15.2. The bottom panel shows the univariate pdf’s of the PCs for El Niño
and La Niña winters; the pdf’s are significantly di↵erent only for the jet and eddy shifts
(p-value<< 0.05 in table 15.4).
The joint pdfs show an equatorward shift of the jet (15.11a) and a shift of the eddies in
the SW direction (15.11b) during El Niño years (also in 15.11d). The probability mass of
the eddy energy shifts to the tails (15.11c). These changes are consistent with the find-
ings reported in [Chang et al., 2002; Seager et al., 2003]. The fact that the change in the
univariate pdf’s of jet and eddy PC-1 is not significant but the change in their joint pdf is
indicates a potential change in the jet-eddy interaction during El Niño.
The response to ENSO is distinct from the pattern associated to decreased temperature
gradients. As seen in figure 15.9a, the general movement of the jet is poleward, albeit not
very clear, in connection to decreased gradients, while there is a clear equatorward shift
in response to El Niño (figure 15.11a). This is also evident when comparing the univari-
ate pdfs of jet energy PC-2 between figures 15.9 and 15.11: The shift for weak gradients
is in the same direction as the shift for La Niña (blue colors), while the shift for strong
gradients resembles the shift towards El Niño (red colors). This is reasonable considering
that a warming of the tropics like the one during an El Niño event can be associated with
a stronger equator-to-pole temperature gradient. The eddy responses mirror each other in
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terms of the NE-SW shifts: When comparing figures 15.9b and 15.11b we note that the
storm track shifts NE in the case of the decreased gradients and SW in the El Niño minus
La Niña case. In the latter case, the probability mass in the eddy vs. jet strength shifts to
the tails, which is not the case in the decreased-gradients case (figures 15.9c and 15.11c).
The opposing patterns in the mutual shifts can be seen in comparing figures 15.9d and
15.11d. 2
As was found in chapter 3 and discussed above, the zonal and meridional surface temper-
ature gradients have decreased towards the end of the 20th century. The above results
describe the sensitivity of the jet and eddy energy to decreases in the gradients of the order
of the observed changes over the 20th century. The sensitivity that we found indicates that
should the surface temperature gradients continue to decrease, the general response of the
jet and eddy energy to climate change would be in the opposite direction than the change
in response to El Niño. This hypothesis is in accordance with the findings of [Lu et al.,
2008]. However, if the changes in the tropical Pacific SSTs are towards an El Niño-like
pattern, then it is reasonable to ask whether the response of the probability structure of the
N.Atlantic jet and eddy energy to such a tropical Pacific climate change will dominate the
response associated with decreasing temperature gradients.
In the following section we explore this hypothesis using the L84-inspired framework that
was developed above. We will study changes in the probability structure of the midlatitude
atmosphere with projected changes in the surface temperate gradients and with ENSO (a)
within three GCMs participating in the CMIP5 Project and (b) across these GCMs. We
have shown that the joint pdf’s of the leading PCs of the jet and eddy energy in the Atlantic
sector provide a simplified, yet comprehensive, representation of the midlatitude dynamics.
We have also shown that the pdf’s capture the relationship of midlatitude dynamics with
decreasing temperature gradients and polarized ENSO phases.
In addition to questions 1 to 4 of the Introduction (chapter 7), we address the following
questions:
• Is the response of the midlatitude properties to decreasing temperature gradients
within each experiment/model consistent with the one found in reanalysis data?
2The opposing response to El Niño and weak gradients are also evident in figure B.1 of Appendix B.1.
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• Is the response consistent across models and across experiments?
• Are potential changes in the response indicative of a change in the seasonality of the
winter jet and eddies?
• Is the sensitivity of the jet and eddy energy patterns to ENSO bigger than the sen-
sitivity to decreasing surface temperature gradients? If so, then is the midlatitude
atmospheric response to tropical Pacific climate change dominating its response to
changing temperature gradients in the midlatitudes?
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10.1 The Atlantic jet stream and eddy energy in GCMs.
We apply the analysis described in chapter 9 to three AR5-class GCMs: the Canadian
Earth System Model CanESM2 [Chylek et al., 2011], the Norwegian Earth System Model
NorESM1-M (Bentsen et al, in prep), and the GISS E2-H model (Schmidt et al, in prep).
All models are Earth System Models participating in the Couple Model Intercomparison
Project 5 (CMIP5). The CanESM2 model couples an atmosphere-ocean general circulation
model, a land-vegetation model and terrestrial and oceanic interactive carbon cycle at T63
resolution, with 35 vertical layers in the atmosphere and 40 vertical layers in the ocean.
The NorESM1-M model is based on CCSM4, does not include in this version an interactive
carbon cycle, has a horizontal resolution of 1.9  x 2.5 , 26 vertical layers in the atmosphere
and 53 vertical layers in the ocean. The GISS E2-H model couples a 2  x 2.5  atmospheric
model with 40 vertical layers with a 1  x 1  isopycnal ocean model with 26 vertical layers,
includes a vegetation model and carbon cycle model (non-interactive), and non-dynamical
land and sea ice models. The GISS E2-H simulation was run at NASA GISS by Dr. J.F.
Booth for the purpose of this study.
The simulations that will be studied are the historical (1850-2005) and the high emissions
scenario RCP8.5 (2006-2100). In the RCP8.5 scenario radiative forcing reaches approxi-
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mately 8.5 W · m 2 near 2100. For the Earth System Models, the CO2 fluxes are saved
from the surface to calculate allowable emissions.





for the 20th century simulation and 21th century projection. In all three models in their
RCP8.5 projection, the mean jet shifts in the north-east direction, as seen in the first EOF
of jet energy. The second EOFs show stronger dipole patterns shifted slightly in the same
direction as the mean change. The north-east changes are consistent with the results from
the models participating in the Coupled Model Intercomparison Project 3 (CMIP3) [Yin,
2005]. We note here the bias in the position of the jet in the GISS E2-H model.





850) in the Atlantic sector can be seen in figure 15.15 (left panel).
The right panel of figure 15.15 shows the percentage of change in the mean jet by latitude
for the three models.
In CanESM2 (15.15a) we note a strengthening of the subtropical jet at approximately
20 N   30 N by as much as 5%, and a poleward shift of the subpolar jet (approximately
in 55 N), along with a strengthening, and poleward shift of the storm track. The strength-
ening of the subpolar jet (> 5%) is larger than that of the subtropical jet.
The GISS E2-H model projects a strengthening of the subtropical jet and the storm track
(15.15b). As seen in the right panel, the model projects a weakening of the jet in the high
latitudes. However, its subpolar jet is too weak (see left panel), while the subtropical jet is
too strong. We will show in the next section that this bias is consistent with an EPG bias
in the model.
Finally, in the NorESM1-M model (15.15c), the subtropical jet strengthens (by 5-10%), and
the subpolar jet shifts poleward and strengthens (less than 5%). In contrast to CanESM2,
NorESM1-M projects a bigger change in the subtropical jet compared to the subpolar. The
shift in the storm track is less pronounced. The maxima in the storm tracks at 65 N is
due to strong winds near the tip of Greenland. The weak eddies at 40 N   50 N could be
associated with the weak OLC in the model, as will be discussed in the next section.
In general, the mean jet pattern and dipole is consistent with reanalysis, with the exception
of the GISS E2-H model, where the jet is too strong and located too close to the equator.
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The center of action of the eddies is weak and too poleward in the NorESM1-M model. The
dipole in the eddy variability seen in reanalysis is also present and consistent across models,
with its location biased by the location and strength of the center of action of the storm
track (EOF-1).
The common change found in the models is a slight poleward shift and strengthening of the
subpolar jet and a strengthening of the subtropical jet at low latitudes. This is not con-
sistent with the suggestion of [Thompson et al., 2000] that the poleward shift is associated
with a shift towards positive phases of the annular modes, accompanied by a weakening of
the jet at low latitudes. The projections shown here are more consistent with a separation
of the subpolar and subtropical jet. We will investigate potential reasons behind this model
projection in the following sections, and relate it to tropical variability and change in the
21st century.
10.2 Surface temperature gradients.
Figure 15.16 shows seasonal boxplots of the equator-to-pole temperature gradient (EPG)
in the Atlantic sector for the three models for their 20th century and RCP8.5 experiments
(calculated from a single run per model), as well the ERA-Interim dataset (1979-2010). The
equator-to-pole gradient (EPG) refers to the bands [100 W   60 E, 3 N   73 N ], and is
calculated as previously. In all three models the EPG variability is greater in the transition
seasons (MAM and SON) and smaller in the winter (DJF) and summer (JJA) seasons, as
is also seen in reanalysis.
• In CanESM2 (figure 15.16a) the 20th century EPG variability is consistent with re-
analysis in DJF, MAM and SON. The model underestimates EPG in JJA. The gradi-
ent is decreasing in all seasons in the 21st century simulation, with the changes being
more pronounced in DJF, where there is no overlap of the 20th and 21st century
boxplots.
• GISS E2-H overestimates the EPG in all seasons (figure 15.16b). This is consistent
with the model bias towards a strong jet at latitudes lower than observed, which
was noted in figure 15.13. The decrease in DJF in the 21st century is clear, while
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in MAM, JJA, and SON the decreased gradients in the 21st century fall within the
ERA-I variability.
• In NorESM1-M the EPG is generally consistent with reanalysis in all seasons (figure
15.16c). The 21st century projections also fall within the ERA-I bands, with the
exception of the winter season (DJF), where the decrease is significant and outside
the ERA-I variability.
Figure 15.17 shows seasonal boxplots of the ocean-land contrast (OLC) in the Atlantic
sector, which refers to the bands [100 W   60 E, 20 N   60 N ], and is calculated as
previously. In accordance with reanalysis, the OLC variability is greater in the transition
seasons (MAM and SON) and smaller in DJF and JJA.
• In CanESM2, the MAM and SON variability is within ERA-I variability in both the
20th and 21st century simulations (figure 15.17a). The DJF OLC is overestimated in
the 20th century, and decreases significantly in the 21st century, with values closer
to the reanalysis. The JJA OLC is underestimated and further decreases in the 21st
century.
• In the GISS E2-H, the OLC is generally within the ERA-I variability in both centuries
(figure 15.17b). The most discernible decreases are in the the winter and summer
seasons.
• The most clear decrease in OLC in DJF and JJA is found in the NorESM1-M model,
as seen in figure 15.17c.
To summarize, across all three models both surface temperature gradients are
decreasing, with the most significant change in in the winter season (DJF),
where there is no overlap between the 20th and 21st century plots.
Figure 15.18 shows the winter (DJF) equator-to-pole temperature gradient (EPG) and the
ocean-land temperature contrast in the Atlantic sector for the three models. The EPG
exhibits decadal variability in the 20th century, and a big projected decrease in the 21st
century (RCP8.5 scenario) in all three models. As discussed above, the stronger EPG in
the GISS model can be associated with the bias towards an equatorward jet (figure 15.13a).
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The projected decrease is in accordance with the projected amplification of temperature
increases in the high latitudes [Cai and Chu, 1998]. The OLC also shows big decreases, in
accordance with the general land-driven warming and the delay in the ocean warming in
these latitudes [Jones and Bri↵a, 1992; Thomson, 1995; Mann and Park, 1996]. As seen
in figure 15.18 and in table 15.1, the projected decrease in winter EPG is approximately
0.1  C/ lat, i.e. an order of magnitude larger than the decrease observed during the 20th
century. The projected decrease in OLC is approximately 2  C, comparable to that of the
20th century.
Following the L84-inspired framework of this study, we examine the joint pdf of the EPG
and OLC in the models. Figure 15.19 shows the joint pdf of the gradients for the 20th and
21st century simulation in each model. In all three models the joint pdf of the gradients
is shifted towards lower values. Interestingly, the variability in both the gradients is larger
in the 20th century but decreases in the 21st century, especially in the EPG, as seen by
the narrowing of the pdf along the abscissa. The reasons for such a constraint in EPG
variability in the 21st century require further investigation:
• Could energetic constraints in the GCM reduce EPG variability? The EPG, in the
absence of eddies, is in equilibrium with the mean zonal wind, and in a sense with the
Hadley circulation. At the same time, the EPG is interacting with the absolute global
temperature, as discussed in [Lindzen, 1994; Lindzen and Pan, 1994], and there could
be a saturation of the gradient in the 21st century.
• Another possible explanation could be associated with tropical climate change and vari-
ability. It will be shown in the following chapters that ENSO decadal and interannual
variability is decreased in the 21st century projections of the three models considered
here, which could explain the decrease in EPG variability.
10.3 ENSO in the models
20th century
Figure 15.20a shows the global wavelet spectrum of the NINO3.4 SST anomaly from the
three GCMs (20th century simulation). Detailed wavelet spectrum plots are given in Ap-
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pendix B.3 (figures B.11 to B.16). The models have similar spectral characteristics, with
GISS E2-H having less power and broader peaks. CanESM2 has a sharp spectral peak at
4 years, and some decadal variability, as seen in figure B.11d in Appendix B.3. GISS E2-H
has a weaker ENSO, with a more broad spectrum (figure B.13). NorESM1-M also exhibits
a sharp spectral peak, but less decadal variability (figures B.15c and d in Appendix B.3).
The models also simulate a warming trend in the tropical Pacific, shown in figure 15.21 (left
panel). The trend is stronger in the warm pool in CanESM2 and NorESM1-M, and more
uniform in GISS E2-H.
21st century
The global wavelet spectra from the 21st century projections can be compared in figure
15.20b. Figures B.12 to B.16 in Appendix B.3 show detailed time series and wavelet spectra
for the three models. In CanESM2 spectral peaks appear beyond a period of 8 years. ENSO
becomes more regular at shorter periods in GISS E2-H (less than 2 years). In NorESM1-
M, after a few big events at the beginning of the simulation, ENSO variability is greatly
reduced, the power spectrum broadens, and decadal variability is lost (figure B.16). The
loss of decadal variability is a common feature across the models. This could be one of the
reasons for the decreased variability in EPG in the 21st century, which was shown in figure
15.19 1. Without decadal (or even strong interannual) ENSO variability in the 21st century,
it is no surprise that the EPG also exhibits decreased variability.
Figure 15.21 (right panel) shows the 21st century trend for each model. In accordance
with the projections of the CMIP3 models [Meehl et al., 2007] and with the Weaker Walker
Circulation theory [Held and Soden, 2006; Vecchi and Soden, 2007], the models show a
considerable trend in tropical Pacific SSTs in response to a radiative forcing of 8.5W ·m 2
towards an ”El Niño-like pattern”.
The warming trend in the tropical Pacific is accompanied by a reduction in ENSO variance
in CanESM2 and NorESM1-M compared to their 20th century simulation (based on a single
run from each model). This GISS E2-H model shows a slight increase in ENSO variability;
1This decreased Atlantic EPG variability is also found in the global EPG (not shown here); the global
and Atlantic EPG have a correlation of 0.72-0.87 in the models.
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however, ENSO variance in this model is somewhat underestimated, and is 0.28  C2 in the
20th century and 0.29  C2 in the 21st century projection). Figure 15.22 shows the ratio
of El Niño variability between the 20th and 21st century vs. the average SST trend in the
tropical Pacific. CanESM2 and NorESM1-M exhibit decreased El Niño variability, which is
defined as the ratio of NINO3.4 variance of the 21st over the 20th century, while all models
show a positive trend in tropical Pacific SSTs.
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Chapter 11
Jet/eddy dynamics in relation to
decreasing temperature gradients
The equator-to-pole temperature gradient (EPG) and the ocean-land temperature contrast
(OLC) have been found to decrease individually and jointly in the 20th century observations
(chapter 3), and in the GCMs examined here, both in their 20th century simulation, and
their 21st century projections (section 10.2). Here, we investigate the sensitivity of the
model jet stream and eddy energy to such decreases in gradients within each experiment.
In addition, this analysis will indicate whether the models project changes in the seasonality
of the winter jet, since, as discussed previously, the connection of the jet and eddy energy
to surface temperature gradients reflects the seasonality of the fields.
11.1 Intra-model comparison
First, we examine whether the response of the jet and eddy energy in the probability space
is consistent across experiments in a single model. As in reanalysis (see section 9.1, figures
15.2, 15.4, 15.5, and 15.6), the joint pdfs in each model are capturing the seasonality of the
jet/eddy mean strength and shifts (not shown).
We examine the sensitivity of the jet and eddy energy to decreasing gradients within each
model and experiment. To do this, we compute the joint pdf of the leading PCs of jet and
eddy energy for all winters (DJF) composited for the higher and lower tails in the joint
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pdf’s of EPG and OLC, which were shown in figure 15.19. The expectation is that there be
a poleward shift of the jet stream when going from the higher to the lower tail of the joint
{EPG,OLC}, as was the case in reanalysis.
Organization and Interpretation of analysis
Before discussing each model in detail, we present the organization of this section of the
analysis: Figures 15.23 to 15.25 show the change in the joint pdf’s of the jet and eddy
energy from the lower to the higher tail of the joint {EPG,OLC} distribution (weak minus
strong gradients). We plot the response of the jet energy and jet shift (PC-1 and PC-
2 of u2250) in the 20th century and the 21st century projection (top panel), the response




850) in the 20th and
21st century (middle panel), and the univariate pdfs of the jet energy (PC-1 and PC-2)
for weak and strong gradients in the 20th and 21st century (bottom panel). In order to
facilitate the study of individual changes in each PC, we provide figures B.2, B.4, and B.6
in Appendix B.1, which show the univariate pdf’s of the leading PCs of the jet and eddy
energy for the higher and lower tails of the joint {EPG,OLC} distribution (stronger and
weaker gradients, respectively). The results from the significance testing for the joint pdf
changes for all models and experiments are given in tables 15.5 to 15.10. The significance
testing for the univariate pdf’s are given in table 15.3. An ’x’ mark on a figure denotes
statistical significance.
One can imagine a line separating the positive/negative modes of the joint pdfs in figures
15.23 to 15.25, which we will refer to as the slope of the joint pdf response. The slope of
the joint pdf response indicates the direction of the primary change: A zero slope in the
jet shift vs. intensification plots (top panel) signifies only a poleward/equatorward shift.
A vertical slope signifies a change only in the intensity of the jet. The slope of the joint
pdf response in the eddy vs. jet intensification plots (bottom panel) signifies changes in
the jet/eddy co-variability; a vertical slope would mean that there is a change in the jet
strength but the change in the eddy strength is negligible; the opposite would be the case
for a zero response line.
In interpreting the figures presented here, we remind that, by construction of the EOFs,
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weaker gradients within the winter season primarily correspond to days in December, while
stronger gradients to days in January. In general, this is true across the modes, as shown
in figure B.8 of Appendix B.2.
Consequently, the figures presented in this chapter show
1. the change in the joint pdf’s of jet/eddy energy in association with a decrease in
surface temperature gradients of the order observed in the 20th century and of the
order seen between ENSO phases.
2. whether the relationship of the joint pdf’s with the temperature gradients changes
between the 20th century (left panel), and the 21st century (right panel).
3. whether there is a change in the seasonality of the winter jet between the 20th century
(left panel) and the 21st century (right panel), given that weak gradients primarily
correspond to December, while strong gradients correspond to January.
Next, we examine each model in detail, and provide and inter-model comparison in the end.
CanESM2
In figure 15.23, which shows the CanESM2 model, there is a general consistency in the jet
response across the 20th and 21st century. The positive mode in figure 15.23a corresponds to
a poleward shift of the jet stream with decreasing temperature gradients. The model shows
greater sensitivity to decreasing gradients than the one found in reanalysis (compare figures
15.9a and 15.23a). The response is similar in the 21st century experiment, with the slope
of the joint pdf response line, and therefore the sensitivity to decreasing gradients, slightly
increased. Figures 15.23c and d show the partitioning of the mean energy between the jet
and the eddies (eddy PC-1 vs. jet PC-1). The jet energy is decreasing with decreasing
gradients, so the jet is weakening at low latitudes. For weak gradients, the changes in
the eddies are organized in two apparent modes at the tails of their distribution along the
ordinate compared to their distribution for strong gradients. In the 21st century projection,
the pattern is similar with respect to the jet, however the mass of the eddy probability is
constrained along the ordinate, and does not shift to the tails as seen in the 20th century
simulation (figure 15.23c).
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As seen in the bottom panel of figure 15.23 and in table 15.3, the significance of the response
of the jet strength and shift to the temperature gradients is stronger in the RCP8.5 scenario
compared to the 20th century simulation.
The reader is also referred to figure B.2 in Appendix B.1, which shows the univariate pdf’s
for all PCs for the 20th and 21st century. For the eddies, the sensitivity to decreasing
gradients is not significant in the 20th century, but is more pronounced in the RCP8.5
scenario. This is counter-intuitive if one considers the joint EPG and OLC pdf’s shown in
figure 15.19. Even though the OLC range is almost the same in the 20th and 21st century,
the EPG variability is constrained in the 21st century projection (also seen in figure 15.16).
Therefore one would expect that the jet response would be less pronounced. However, as
seen in the bottom panel of figure 15.23, the response is more clear in the 21st century.
Compared to reanalysis, the model eddy energy PC-1 shows a stronger relationship to weak
and strong temperature gradients (see table 15.3).
GISS E2-H
In the GISS E2-H model, the jet shift for weak surface temperature gradients is not pro-
nounced in the 20th century simulation, as seen by the zero slope of the joint pdf response
line in figure 15.24a. There is, however, a slight shift in the univariate pdf of jet energy
PC-2, seen in the bottom panel. The main response is in the jet energy PC-1, i.e. in the
jet strength. This could be because of the bias of the model towards a mean jet in an
equatorward position, as seen in figure 15.13. The response of the joint jet/eddy pdf (figure
15.24c) is mainly due to the jet response, since the eddy response is not very big (also see
figure B.4 in the Appendix B.1.)
Interestingly, the lack of sensitivity does not persist in the 21st century simulation (figure
15.24b), where the response is towards a more variable jet, both in terms of its strength
and its latitudinal shifts. This is also evident in the fattening of the tails of the jet energy
PCs in the bottom panel for RCP8.5. This can also be inferred by comparing the leading
EOFs in the 20th and 21 century in figure 15.13: in the latter case, the jet, albeit still
more equatorward than in reality, is stronger and also has stronger latitudinal variability,
as seen in the second EOF. The response of the joint jet/eddy energy PC-1 shown in figure
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15.24d follows from the more variable jet that was noted above. The eddy energy is also
decreased and its probability mass moves from the tails to the mean, as can also be seen
in figure B.4g in Appendix B.1. The di↵erence in the response between the 20th and 21st
century reported here indicates a change in the seasonality of the winter jet and eddies in
this model.
NorESM1-M
In NorESM1-M, the changes in the joint pdf for weaker temperature gradients are significant
in both the 20th and the 21st century (figure 15.25-top panel). These changes are mainly
due to the decrease in jet intensity, which is very similar in both centuries, as can be seen in
the univariate pdf’s in the bottom panel. The jet shift is not big, and is not significant in the
RCP8.5 simulation. However, as shown above, the response of the joint jet intensification
and shift (figure 15.25b) is significant in the 21st century. This could indicate that in the
21st century there is a change in the relationship between jet strength and location (PC-
1 and PC-2 of the jet energy) that cannot be explained by individual changes in the jet
location or strength. Equivalently, the above observations indicate a shift in the seasonality
of the winter jet in the 21st century.
The changes in the partitioning of the energy between the jet and the eddies are similar
in structure and significant in both experiments (15.25c and d). They can be attributed
to the response of the jet energy, because the response of the eddy energy is not very big
(see univariate pdfs in figure B.6 in the Appendix B.1). However, the response of the eddy
energy seems to be organized in two apparent modes, as was the case in CanESM2.
11.2 Intermodel comparison
To summarize, compositing the pdf’s of jet and eddy energy for strong vs. weak surface
temperature gradients reveals the following:
• CanESM2 shows poleward jet shifts in both centuries, with an increase in sensitivity
in the 21st century. The eddy response is also more sensitive in the 21st century.
• GISS E2-H responds to decreasing temperature gradients with poleward jet shifts and
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decreases in jet strength in the 21st century, but not in the 20th century. The eddy
response is not pronounced.
• NorESM1-M shows slight poleward shifts in both centuries; but its main response is
a weakening of the jet.
To facilitate the inter-model comparison, we show in figure 15.26 the joint pdfs of jet in-
tensification vs. shift (top panel) and jet vs. eddy intensification (bottom panel) for the
three models in their 20th century simulation. All three models show poleward shifts, with
the most pronounced being the one in CanESM2. The subtropical jet is also weakening in
all three models. The eddies do not show big changes in response to decreased gradients
(note the spread along the ordinate in the bottom panel). However, in both CanESM2
and NorESM1-M the probability mass of the eddy energy shifts to the tails (more so in
CanESM2). This apparent bimodality was not found in reanalysis (figure 15.9c).
Figure 15.27 shows the joint pdfs for the RCP8.5 simulation. CanESM2 and NorESM1-M
retain the the structure of their joint pdf changes from the 20th century simulation (fig-
ure 15.26). The most notable disagreement is that of the GISS E2-H model. For the joint
jet/eddy pdfs (bottom panel in figures 15.26 and 15.27), only NorESM1-M exhibits a similar
structure in both the 20th century and RCP8.5. CanESM2 shows a contraction of the eddy
energy (ordinate) in the 21st century case, while in the 20th century it shows a movement
of the eddy energy to the tails. In RCP8.5, GISS 2E-H shows a contraction of the eddy
energy and a movement of the jet energy to the tails. These results could suggest a change
in the jet-eddy interaction in the 21st century.
Table 15.3 provides a comparison of the relationship between surface temperature gradients
and jet and eddy energy -individually- in the models and in reanalysis. The strength of
the relationship with regard to jet energy is consistent between ERA-I and the models in
their 20th century simulation. However, in GISS E2-H and NorESM1-M the sensitivity
of the latitudinal shifts of the jet is decreased in their 21st century simulation (jet energy
PC-2). The eddy energy is only sensitive in its latitudinal shifts in reanalysis; there is no
consistency and agreement among models on this feature.
The sensitivity of the models to decreasing surface temperature gradients provides a crite-
rion for model ranking and comparison. At the same time, one could treat these simulations
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as draws from the same model at di↵erent parameter values and resolution. For example,
CanESM2 has an interactive carbon cycle, while NorESM1-M and GISS E2-H do not em-
ploy this feature in the simulations studied here; this could be treated as a di↵erence in their
parametrization, or their ’noise level’. Hence, this analysis could be a basis for parameter-
space model intercomparison and simulations to identify the regions in the parameter space
responsible for consistencies or discrepancies across models 1.
1It should be noted that such an approach would be applicable given su cient structural consistency
between models and observations. E.g. a strong bias in the location of the jet stream in a model is likely
due to insu ciencies in underlying mechanisms that cannot be attributed to parametrization, or what could
be considered here as model ’noise’.
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Chapter 12
Jet/eddy dynamics in response to
ENSO
To calculate the response to ENSO of the jet and eddy energy in the probability space, we
composite the El Niño (NINO3.4 > 1) and La Niña (NINO3.4 <  1) phases based on the
SST anomalies in the NINO3.4 region [5 N   5 S, 170 W   120 W ]. For each model, the
SST anomalies are calculated after removing the SST trend in the tropical Pacific, shown
in figure 15.21.
The figures in this section show the change in the joint pdfs of the jet and eddy energy PCs
between El Niño and La Niña, and the response of the univariate pdfs of the PCs at the
bottom panel of each figure. The statistical significance of the change is presented in the
corresponding fields in tables 15.5 to 15.10, where values in bold and italic indicate that
the pdfs in the El Niño and La Niña case could not be drawn from the same population,
i.e that the changes seen in the figures are statistically significant. Table 15.4 presents the
significance of the changes in the univariate pdfs of the PCs of the jet and eddy energy. An
’x’ mark on a figure denotes statistical significance.
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12.1 Intra-model comparison
CanESM2
CanESM2 shows an equatorward shift in response to El Niño (figure 15.28). However, the
changes are not statistically significant in figures 15.28a and b, or are barely significant in
figures 15.28c and d (see table 15.5). With the exception of the jet shift (jet energy PC-2),
the changes in the univariate pdfs of the PCs are also not significant, as seen in table 15.4,
and at the bottom panel of figure 15.28.
The response to El Niño vs. La Niña in the 21st century, shown in figure 15.29, is, however,
significant. There is an equatorward shift (figure 15.29a) and a strengthening of the sub-
tropical jet (figure 15.29c), accompanied by a SW shift of the center of eddy action 15.29b
and d). The response of the jet/eddy energy joint pdf (figure 15.29c) can be attributed to
the strengthening of the jet, since the response of the eddy energy is not significant (see
bottom panel). All other univariate pdf’s exhibit significant shifts in response to El Niño
(also see table 15.4).
GISS E2-H
We note that the composites for El Niño and La Niña for the GISS E2-H model are based on
NINO3.4 > 0.5 and NINO3.4 <  0.5 respectively, due to the weaker ENSO in the model.
The model shows a strengthening and equatorward shift of the jet stream (figure 15.28a).
Changes in the eddy energy and shift are not significant (figure 15.28b), possibly due to
the insignificant changes in eddy energy PC-1 (bottom panel). The response of the joint
jet/eddy PC-1 (figure 15.28c), as well as the mutual latitudinal shifts of the jet and the
eddies (figure 15.28d) are driven by the strengthening and equatorward shift of the jet.
The response becomes more clear and significant in the RCP8.5 scenario, shown in figure
15.31). There is a clear equatorward shift and intensification of the jet in figure 15.31a,
and a SE shift of the storm track (figure 15.31b). Changes in the eddy strength are not
significant, as seen in the test results in tables 15.4 and 15.8 (one-side significance for the
jet vs. eddy PC-1), and in the bottom panel of the figure.
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NorESM1-M
In NorESM1-M, with the exception of the response of the eddies (figure 15.32b), all other
shifts in the joint pdfs are significant, and consistent with the equatorward shift of the jet
and eddies, and the strengthening of the jet.
The response of the eddies is not significant in neither the 20th century, nor the 21st century
projection (figure 15.33). While the pattern of the responses (i.e. the jet shows changes
while the eddies don’t) is the same in both centuries, its significance is stronger in the
RCP8.5 scenario. This is seen in figures 15.33, B.7 (Appendix B.1), and in tables 15.4 and
15.10).
12.2 Inter-model comparison
Figure 15.34 shows the joint pdfs of jet shift vs. intensification (top panel), and eddy vs.
jet intensification (bottom panel) in response to ENSO phases for the 20th century model
simulations. CanESM2 and NorESM1-M exhibit equatorward shifts of the jet in response
to El Niño, seen in the negative values assumed by PC-2 (top panel). The equatorward shift
is also present in GISS E2-H, however, an apparent poleward mode is also present. The
changes in the top panel of figure 15.34 are statistically significant at the 5% level in GISS
E2-H and NorESM1-M (tables 15.7 and 15.9). The null hypothesis could not be rejected
for the change seen in CanESM2 (see table 15.5).
The bottom panel shows the eddy vs. jet intensification for the 20th century simulation,
which is marginally significant in all three models (see significance test tables 15.5 to 15.10).
There is no consistency in the response: The response pattern is not clear in CanESM2;
GISS E2-H shows a strengthening of the subtropical jet and negligible response in the eddy
strength; while in NorESM1-M the probability mass of the jet energy is shifting from the
tails to the mean, favoring the mean zonal flow.
Figure 15.35 shows the joint pdfs for the RCP8.5 scenario. All changes are statistically
significant. In contrast to the 20th century simulations, the equatorward shift seen here in
the negative PC-2 values is consistent across all models (top panel of figure 15.35). This
response is consistent with the one see in reanalysis (figure 15.11a). The strengthening of
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the subtropical jet is also a consistent response to El Niño in all three models (bottom
panel). However, the shift of the probability mass to the tails that was noted in figure
15.11c is not seen in the models (bottom panel of figure 15.35).
The change in the sensitivity of the jet and eddy energy, individually or jointly, to ENSO
phases is a common theme in all three models. The most significant change in behavior
is this of CanESM2, whose jet and eddies were not sensitive to ENSO phases in the 20th
century, but showed clear responses in the 21st century simulation (see table 15.4). Finally,
the first PC of jet and eddy energy is not sensitive to ENSO phases in reanalysis, in contrast
with the models.
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Chapter 13
Climate change projections
13.1 Climate change vs. climate variability
In the previous chapter, we found above (a) consistency in the response of the jet and eddy
energy to El Niño seen in the RCP8.5 scenario but not found in the 20th century simulation,
and (b) a strengthening of the sensitivity of jet and eddy energy to ENSO phases within
each model in the RCP8.5 scenario.
We saw that ENSO variability itself is decreasing in the 21st century in the two earth system
models with a stronger ENSO (figure 15.22), so the strengthening of the sensitivity cannot
be attributed to a more active ENSO. At the same time there is a consistent El Niño-like
warming in the tropical Pacific (figure 15.21).
In addition, the surface temperature gradients are weakening in the 21st century, as seen
in figures 15.16 and 15.17. This is an indication that the high latitudes are warming more
than the tropics.
In the L84-inspired framework that we develop here, and which does not take into con-
sideration mechanisms that involve moist dynamics, changes in tropopause height, ozone
forcing, etc, the net response of midlatitude circulation to climate change can be considered
a factor of a) the magnitude of the decrease in the temperature gradients, b) the magnitude
of the change in the tropics, c) the sensitivity to decreasing temperature gradients, and d)
the sensitivity to the changes in the tropics.
To show the competing behavior of the jet and eddy energy in connection to surface tem-
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perature gradients and to ENSO, figures 15.36 to 15.39 show the univariate pdfs of the PCs
of jet and eddy energy for weak/strong gradients (left panel) and polarized ENSO phases
(right panel) in the RCP8.5 simulation. One can associate the El Niño phase with stronger
gradients, due to the warming of the tropics, and the La Niña phase to weaker gradients,
due to a cooling of the tropics.
For PC-1 of the jet energy (figure 15.36) the response is consistent across models, as seen
before, with a weakening of the jet associated with weak gradients and a strengthening
associated with El Niño. The change in PC-2 of the jet energy (figure 15.37) with respect
to the surface temperature gradients is significant only in CanESM2, even though the shifts
in the joint pdf of jet PC-1 and PC-2 are significant in all cases (as seen in the previous
section). The response to El Niño is significant in all models (table 15.4).
For eddy energy, the changes in PC-1 and PC-2 for decreasing temperature gradients are
significant in CanESM and NorESM1-M (figures 15.38 and 15.39). The response of the
eddy energy PC-1 to El Niño is not significant (figure 15.38). For eddy energy PC-2 the
response is significant in CanESM2 and GISS E2-H as in reanalysis (figure 15.39). Even
though the individual response of the PCs of eddy energy is not significant, the change in
the joint pdf of jet/eddy energy is significant in all models (see tables 15.5 to 15.10).
The above observations raise the following questions:
• What is the reason for the increased sensitivity of the midlatitude atmosphere in the
RCP8.5 scenario, despite the decrease in ENSO variance?
• What is the role of the El Niño-like warming in the tropical Pacific in this increase of
the midlatitude sensitivity?
• Is this increased sensitivity to ENSO overshadowing potential poleward shifts in the
jet and the storm tracks in association with decreasing temperature gradients in the
midlatitudes?
13.2 21st century projections
Figure 15.40 shows the change in the joint pdf of jet shift vs. intensification (top panel), and
eddy vs. jet energy (bottom panel) between the RCP8.5 simulation and the 20th century
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simulation.
In the top panel we see clear equatorward shifts (or, equivalently, a strengthening of the
south boundary of the subtropical jet), in all three models, which are consistent with the
response to El Niño (figure 15.35). The response of the jet/eddy energy partitioning is not
very clear or consistent across models (bottom panel).
The similarity in the RCP8.5 response with the El Niño response of the subtropical jet can
also be seen for CanESM in figures 15.41 and 15.42. For the North Atlantic, the composites
for RCP8.5 and El Niño agree at the south boundary of the subtropical jet. They di↵er in
the center of the ocean, which is consistent with the expectation that the jet response in the
middle of the Atlantic Ocean is not controlled principally by the tropical pacific SSTs. By
construction of the first PC of the jet energy in our analysis, the strengthening and equator-
ward shift described by the first and the second PC (figure 15.40-top panel) refers primarily
to the subtropical jet (lower latitudes), and not the eddy-driven (subpolar) jet. This is
seen in figure 15.41a, where the jet is strengthening at low latitudes, in resemblance to the
strengthening during El Niño (figure 15.41b), but the subpolar jet is also strengthening in
a fashion opposite than the El Niño teleconnection pattern. The same can be said for the
global response, shown in figure figure 15.42. The poleward shifts in RCP8.5 are evident in
the Southern Hemisphere, while the response in the Northern Hemisphere, and especially
in the Atlantic, is not very clear, and seems to be a combination of an El Niño-like response
for the subtropical jet and a poleward shift and strengthening of the eddy-driven jet. The
lack of a clear response in the Northern Hemisphere and especially in the Atlantic was
also noted in the studies involving CMIP3 models [Yin, 2005; Lorenz and DeWeaver, 2007;
Lu et al., 2008].
The RCP8.5 response is therefore in the direction of the response to El Niño
for the subtropical jet, but in the direction of the response to decreasing surface
temperature gradients for the subpolar jet. Thinking in terms of the simplest physics,
the jet stream is in equilibrium with the surface equator-to-pole temperature gradient. A
warming of the tropics leads to an increase of the EPG and an equatorward movement
of the jet, while a warming of the high latitudes leads to a decrease of the EPG and a
poleward movement of the jet. It seems that the net response is a question of whether
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the tropical warming is dominating the high-latitude warming. It can be inferred from
the decreasing EPG that the warming in the high latitudes must be comparable to the
tropical warming. But, it does not immediately follow that we should see a net response
consistent with the response to weaker gradients. This could be because, as was discussed
in [Brayshaw et al., 2008], the latitude of the imposed SST change is an important deter-
minant of whether the jet will respond with a poleward shift. Or it could be because other
mechanisms are dominant, as per the theories discussed in the Background (chapter 8).
The results shown here suggest a separation of the subtropical and the subpolar jet in the
case of strong tropical heating (tropical Pacific warming trend) and also strong high-latitude
warming (decreasing EPG). This is consistent with one of the findings of [Son and Lee, 2005;
Son and Lee, 2006], who showed that tropical heating controls the subtropical jet, but not
consistent with their explanation of the subtropical jet response.
In addition, the net response is also a question of whether the ENSO-midlatitude telecon-
nection strength is changing: in other words, it is a question of whether the sensitivity of
the pdf’s of jet and eddy energy to polarized ENSO phases is increasing in the RCP8.5
scenario. We saw that the sensitivity of the midlatitude atmosphere to ENSO phases is
indeed increasing in the 21st century in the models we examined here. This increase in sen-
sitivity, along with the positive SST trend in the equatorial Pacific towards an El Niño-like
state, seems to be the dominant background state that sets the response of the subtropi-
cal jet in the 21st century. In the models we examined here, potential poleward shifts of
the subtropical jet stream in association with decreasing surface temperature gradients are
overshadowed by the response to the tropical Pacific climate change, even in the absence of
increased interannual (ENSO) variability. The response of the eddy-driven jet is di↵erent
and cannot be assessed by our analysis, given the construction of the EOFs.
Finally, it should be strongly emphasized here that, in assessing these results, one must be
careful to take into account the significant biases in mean tropical Pacific climate, which is
a known issue in GCM simulations.




The intensification and poleward shift of the jet stream and the associated storm track
that was identified in studies of the models participating in the CMIP3 Project motivated
a series of investigations to provide a theory to explain this response. However, the domi-
nant mechanism that causes the projected changes in the midlatitude atmosphere is yet to
be determined, especially for the Northern Hemisphere, where the response is more equiv-
ocal. One of the main reasons for this ambiguity is the presence of land in the Northern
Hemisphere. Taking this into consideration, we investigated the probability structure of the
Atlantic jet stream and storm track from a viewpoint inspired by the Lorenz-1984 model:
We consider the hemispheric zonal and meridional surface temperature gradients to be in-
dicators of the location and strength of the jet and the eddies; we therefore view the jet
and eddy response to global warming to be analogous to their relation to decreasing tem-
perature gradients. Then, we consider the response of the probability structure of the jet
and eddy energy to polarized ENSO phases, as an opposing pattern to the global warming
response. In this framework, which only considers the simplest physics that govern jet and
eddy variability, the net response of jet and eddy energy to global warming can be seen as
a result of (a) the relation to decreasing surface temperature gradients, (b) the response
to tropical climate change and variability, (c) changes in the sensitivity of the relationship
with decreasing temperature gradients in the 21st century, and (d) changes in the response
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to ENSO phases in the 21st century, i.e. a change in the nature and strength of the tropical-
extratropical teleconnections.
In order to assess the relationship of jet and eddy energy with the surface temperature
gradients, we first examined the trends and variability of the equator-to-pole temperature
gradient (EPG) and the ocean-land temperature contrast in the North Atlantic, in reanal-
ysis and in CMIP5 model simulations. Our main findings are summarized as follows:
• Both the EPG and OLC have decreased in the 20th century and are projected to
further decrease under the high emissions scenario (RCP8.5).
• The variance in both gradients in the transition seasons (MAM and SON) is greater
than in the winter (DJF) and summer season (JJA).
• The projected decreases are significant in the winter (DJF) and summer (JJA) season,
while the decrease in the transition seasons falls within the variability observed in the
20th century.
• The projected decrease in winter EPG is an order of magnitude larger than the de-
crease observed during the 20th century. The projected decrease in winter OLC is
comparable to that of the 20th century.
• The winter EPG exhibits decreased variability in the 21st century projections, which
could be associated with a saturation of the gradient, or with a decrease in interannual
and decadal ENSO variability.
We then developed a toolbox to study the variability in the jet and eddy energy in connection
to decreasing temperature gradients and ENSO phases. We performed an EOF analysis of
the jet and eddy energy in the North Atlantic region; the expansion coe cients of the
leading EOF structures describe the strength and latitudinal shifts of the jet and the storm
track. We examined the univariate and bivariate (joint) pdfs of the expansion coe cients in
association with the surface temperature gradients and with ENSO in reanalysis, and within
each model and experiment, namely the 20th century simulation and RCP8.5 projection.
In reanalysis, we found the following:
CHAPTER 14. SUMMARY AND DISCUSSION 95
• Weak surface temperature gradients are associated with a poleward movement of the
storm track, accompanied by a strengthening of the subpolar (eddy-driven) jet and a
concurring weakening of the subtropical jet.
• These poleward shifts in reanalysis are somewhat similar to the ones observed for
positive phases of the NAO.
• The El Niño phase of the tropical pacific is associated with a strengthening and
equatorward shift of the subtropical jet in the North Atlantic.
• The partitioning of the jet and eddy energy also changes in response to El Niño: The
probability mass of the jet energy is shifted from the tails to the mean, while the
opposite is true for the eddy energy. The changes in the partitioning of the jet and
eddy energy indicate a possible change in the jet/eddy interaction during El Niño.
Applying our analysis to the GCMs, we found the following:
• Poleward shifts in association with decreased surface temperature gradients are a
common feature in the 20th century simulation and 21st century projections of the
GCMs.
• The mean eddy energy is not very sensitive to decreasing surface temperature gradi-
ents in the models.
• A change in the sensitivity of the relationship of the jet/eddy energy with surface
temperature gradients between the 20th and 21st century indicates a change in the
winter jet seasonality.
• The GCMs show clear equatorward shifts of the jet stream and storm track in response
to El Niño.
• The response of the partitioning of the jet/eddy energy to ENSO is consistent across
models but is not of the same nature as in reanalysis. The sensitivity of the latitudinal
shifts of eddy energy to ENSO is also smaller in the models than in reanalysis.
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The above investigation is e↵ectively an investigation of model behavior in the extremes,
since it considers the response of the model jet and eddy energy to the tails of the temper-
ature gradients, and to polarized ENSO phases. We showed that, while model consensus
improves in the RCP8.5 scenario, for some aspects, such as the joint jet/eddy response the
model response is not consistent with reanalysis.
We then argued that the net response of the probability structure of the jet and eddy
energy to climate change in the RCP8.5 scenario would be a result of (a) its response to
decreasing gradients, and (b) its response to ENSO changes, (c) changes in its projected re-
lationship with decreasing gradients and with ENSO in the 21st century. Our main findings
are summarized as follows:
• There is a significant warming trend in the tropical Pacific in the 21st century pro-
jections.
• The projected decrease in the Northern Hemisphere equator-to-pole gradient (EPG)
indicates that the increase in high-latitude temperature is comparable to, or bigger
than the increase in the tropics, especially in the winter season.
• The sensitivity of the jet and eddy energy to ENSO phases is slightly increased
in the 21st century projections, indicating a possible strengthening of the tropical-
extratropical teleconnection, even when ENSO variability is projected to decrease (in
the models examined).
• The net response of the probability structure of the subtropical jet energy is similar to
the El Niño response for the subtropical jet (low latitudes), likely because the response
to the tropical change dominates the response to higher latitude surface temperature
change.
• The projected changes in the eddy energy and the partitioning of the jet/eddy energy
are not clear.
The general pattern of changes in the 21st century is as follows: The subtropical
jet strengthens and shifts equatorward in response to strong tropical heating.
The subpolar jet strengthens and shifts poleward, in connection to decreasing
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surface temperature gradients, or other mechanisms that, nonetheless, cannot
be assessed in this study. The above suggest a separation of the subtropical and
subpolar jet in the 21st century projection.
14.2 Discussion
The investigation of the probability structure of the jet and eddy energy in the framework
developed here is e↵ectively a study of the midlatitude atmosphere’s attractor, even though
the pdf’s do not contain information about how the system evolves. They are, nonetheless,
a good measure of how di↵erent regions of the phase space are being visited depending
on external forcings or perturbations. Moreover, an investigation of the probability space
informs as to both changes in the mean, seen as shifts of the main mode of probability, and
in the extremes, seen as shifts of the probability mass to/from the tails of the distribution.
Persistent midlatitude atmospheric regimes related to the tails of the distribution have been
associated with extreme weather phenomena (e.g. atmospheric blocking has been linked to
droughts and floods). In this context, the approach proposed here is useful for assessing
future risks regarding floods and droughts that can be linked to such persistent midlatitude
atmospheric regimes. In addition, examining bivariate (joint) pdf’s rather than univariate
pdf’s informs as to interactions between key circulation variables, such as the jet stream
and the eddiesWe have, therefore, shown that examining the probability structure of jet
and eddy energy in GCM projections provides a simplified -yet comprehensive- view of the
sensitivity of the midlatitude atmospheric regimes to climate change and variability.
Relating the location of the Atlantic jet and eddies to the zonal and meridional surface
temperature gradients visits one aspect of the midlatitude atmospheric dynamics. The
Lorenz-1984 model, which motivated this study, is a simplified atmospheric GCM, forced
with prescribed SSTs (the F and G in the model, i.e. the equator-to-pole and ocean-land
contrast). We have considered F and G to be the surface temperature gradients; alterna-
tively, we could have considered F to be the equator-to-pole gradient aloft, which is expected
to increase with global warming [Williams, 2006; Lorenz and DeWeaver, 2007]. In nature
and in coupled GCMs, the relationship between the surface temperature gradients and the
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jet and eddy strength and location is a coupled phenomenon, whose causality function is
not straightforward. Nevertheless, the question addressed here is, first, whether the surface
temperature gradients (in the tails of their distributions), regardless of their position in the
causality chain, are indicators of the probability structure of the midlatitude atmosphere.
Second, we investigated the response of the midlatitude atmospheric probability structure
to ENSO phases; here, the cause-e↵ect relationship is more clear, since the tropical pacific
forcing on the midlatitude atmosphere can be considered an external forcing. Third, we
asked whether, either the probability pattern that is associated with decreasing surface
temperature gradients (climate change), or the pattern in response to ENSO phases (cli-
mate variability), or some combination of the two can explain the projected response in the
21st century. We saw that in the Atlantic sector the e↵ect of the tropical pacific
forcing seems to be dominating the large-scale pattern of the subtropical jet
and eddy energy response, while the response of the subpolar jet is separate.
Finally, we asked whether there is model consensus with respect to the relationship be-
tween midlatitude circulation and surface temperature gradients and ENSO. We have used
the framework developed here for intra- and inter-model comparison. This framework can
also serve as a basis for hierarchical studies to better understand the processes responsible
for the di↵erent responses among models. We developed diagnostic measures based on a
simplified atmospheric model (Lorenz-1984), and used it to judge the performance and con-
sensus of models of increasing complexity and resolution: We examined two models without
interactive vegetation and carbon cycle (GISS E2-H and NorESM1-M), and a model with
interactive terrestrial and oceanic carbon cycle (CanESM2). Through our investigation, we
propose the applicability of metrics based on simplified physics to comprehensive climate
models as a benchmark for judging model coherence, and for assessing model uncertainty
in future projections of midlatitude circulation.
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Figure 15.1: The leading EOF structures of the jet energy (u2250) at 250 hPa. The first
EOF describes the mean intensity of the jet, while the second EOF describes its latitudinal
shifts.
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Figure 15.2: The monthly joint pdf of the first and second time expansion coe cients (PCs)
for the jet energy (u2250). The first PC denotes intensification of the jet, and the second PC
denotes a poleward shift when positive, and an equatorward shift when negative. The joint
pdf captures the seasonality of the jet energy, with increased variability and equatorward
shifts in the winter months, and a reduction of variability and strength, and poleward shifts
in the summer months.
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850) at 850 hPa. The
first EOF describes the strength of the main center of action of the storm track. The second
EOF describes NE-SW shifts of the main center of action.
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850). The first PC denotes intensification of the main center of action of the storm track,
and the second PC denotes a NE shift when positive, and a SW shift when negative. The
joint pdf shows increased variability and SW shifts in the winter months, and decreased
variability and NE shifts in the summer months.
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850), which describes the partitioning of the energy between the subtropical jet and
the surface winds. Note the increased variability and strengthening of the jet (abscissa) in
the winter months.
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Figure 15.6: The monthly joint pdf of the second PCs for jet and eddy energy, which
describes the mutual longitudinal/latitudinal shifts of the jet and eddy energy. In the
summer months, both the jet and the main center of eddy action move polewards (positive
PCs) and exhibit decreased variability.
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Figure 15.7: Seasonal boxplots of a) the equator-to-pole temperature gradient (EPG) in the
Atlantic sector [100 W   60 E, 3 N   73 N ], and b) the ocean-land temperature contrast
(OLC) in the region [100 W   60 E, 20 N   60 N ]. The OLC is positive in the winter
(ocean warmer than the land) and negative in the summer (land warmer than the ocean).
Data: ERA-Interim (1979-2010).
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Figure 15.8: The winter (DJF) joint pdf of the equator-to-pole gradient (EPG) and ocean-
land contrast (OLC) in ERA-Interim (1979-2010).
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Figure 15.9: The change in the joint pdf between the lower (weak gradients) and the
higher (strong gradients) tail of the joint {EPG,OLC} pdf shown in figure 15.8. (a) Jet
intensification and shift (Jet PC-1, PC-2), (b) Eddy intensification and shift (Eddy PC-
1,PC-2), (c) Jet and eddy intensification (Jet and eddy PC-1), and (d) Jet and eddy shift
(Jet and eddy PC-2). In (a), (b) and (d) positive PC-2 denotes poleward shifts. The bottom
panel shows the univariate pdf’s of the leading PCs for weak and strong gradients. An ’x’
mark denotes statistical significance. Dashed lines denote negative values. The sample size
for each case is given in table 15.11.
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Figure 15.10: As in figure 15.9, for NAO-positive minus NAO-negative composites.
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Figure 15.11: As in figure 15.9, for El Niño minus La Niña composites.
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850 in (A) the 20th, and (B) the 21st
century (RCP8.5 scenario) from the CanESM2 model.
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Figure 15.13: As in figure 15.12, for the GISS E2-H model.
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Figure 15.14: As in figure 15.12, for the NorESM1-M model.
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Figure 15.15: Left panel: The zonal mean jet (solid) and eddy strength (dashed) aver-
aged over the region 100 W   30 E in the 20th century (blue) and the RCP8.5 simulation
(red). Courtesy of J.F. Booth. Right panel: The percentage of change in the mean jet
between the 20th and the 21st century. All models show a strengthening of the subtropical
jet. NorESM1-M and CanESM2 also show a strengthening of the subpolar jet. Note that
GISSE2-H has a jet biased at low latitudes.
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Figure 15.16: Seasonal boxplots of the equator-to-pole gradient (EPG) for the model sim-
ulations and ERA-I (Atlantic sector, single run from each model).
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Figure 15.17: As in 15.16 for the ocean-land contrast (OLC).
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Figure 15.18: a) Winter (DJF) Equator-to-pole gradient (EPG), and b) Ocean-land contrast
(OLC) for the three models and the ERA-I reanalysis. Thin lines correspond to the available
runs and the thick line is their smoothed mean.
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Figure 15.19: The winter (DJF) joint pdf of EPG and OLC for the three models, in the
20th (1970-2005) and 21st (2070-2100) century simulations. The joint pdf shifts to low
mean values and has reduced variability in all three models in the 21st century.
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Figure 15.20: The global wavelet spectrum of NINO3.4 in a) the 20th century, and b) 21st
century (RCP8.5 scenario).
Figure 15.21: The SST trend in the tropical Pacific in the 20th century and RCP8.5 scenario.
All models show a positive trend of 2.5-3.7  K/century.
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Figure 15.22: The ratio of El Niño variability between the RCP8.5 and the 20th cen-
tury simulation vs. the average trend in the tropical Pacific in the RCP8.5 scenario.
El Niño variability is defined as the variance of SST anomalies in the NINO3.4 region
[5 N   5 S, 170 W   120 W ].
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Figure 15.23: The change in joint pdfs of the leading PCs of jet and eddy energy in the 20th
century (left panel) and RCP8.5 simulation (right panel), for weak minus strong gradients.
Top panel: Jet shift vs. intensification (Jet PC-1,PC-2). Middle panel: Eddy vs. jet
intensification (Jet and Eddy PC-1). Bottom panel : The univariate pdf’s of the jet energy
PC-1 and PC-2 for weak and strong gradients for the 20th and 21st century. An ’x’ mark
denotes statistical significance. Dashed lines denote positive values. The sample size for
each case is given in table 15.11
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Figure 15.24: As in 15.23 for GISS E2-H.
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Figure 15.25: As in 15.23 for NorESM1-M.
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Figure 15.26: Intermodel comparison for the 20th century simulation (weak minus strong
gradients). Top panel: Jet shift vs. intensification. Bottom panel: Eddy vs. jet intensifica-
tion.
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Figure 15.27: As in 15.26 for the RCP8.5 scenario.
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Figure 15.28: The change in the joint pdf between El Niño and La Niña in the 20th century
simulation from CanESM2. (a) Jet intensification and shift (Jet PC-1, PC-2), (b) Eddy
intensification and shift (Eddy PC-1,PC-2), (c) Jet and eddy intensification (Jet and eddy
PC-1), and (d) Jet and eddy shift (Jet and eddy PC-2). In (a), (b) and (d) negative PC-2
denotes equatorward shifts. Bottom panel: The univariate pdf’s of the leading PCs for
El Niño and La Niña. An ’x’ mark denotes statistical significance. Dashed lines denote
positive values. The sample size for each case is given in table 15.11.
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Figure 15.29: As in 15.28 for the RCP8.5 simulation of CanESM2.
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Figure 15.30: As in 15.28 for GISS E2-H (historical).
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Figure 15.31: As in 15.30 for the RCP8.5 simulation of GISS E2-H.
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Figure 15.32: As in 15.28 for NorESM1-M (historical).
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Figure 15.33: As in 15.32 for the RCP8.5 simulation of NorESM1-M.
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Figure 15.34: Intermodel comparison for the response to ENSO (20th century simulation).
Top panel: Jet shift vs. intensification. Bottom panel: Eddy vs. jet intensification.
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Figure 15.35: Intermodel comparison for the response to ENSO in the 21st century (RCP8.5
scenario). Top panel: Jet shift vs. intensification. Bottom panel: Eddy vs. jet intensifica-
tion.
134 CHAPTER 15. FIGURES AND TABLES
Figure 15.36: Intermodel comparison for the RCP8.5 scenario: The univariate pdfs for the
first PC of the jet energy (intensity of the mean jet) for weak/strong gradients (left panel)
and ENSO phases (right panel).
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Figure 15.37: As in 15.36 for the second PC of the jet energy (latitudinal shifts).
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Figure 15.38: As in 15.36 for the first PC of the eddy energy (intensity of the main center
of action of the storm track.
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Figure 15.39: As in 15.36 for the second PC of the eddy energy (NE-SW shifts of the storm
track).
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Figure 15.40: The response of the joint pdf of jet shift vs. intensification (top panel), and
eddy vs. jet shift (bottom panel) in the RCP8.5 scenario. The change is in the direction of
the response to El Niño shown in figure 15.35.
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Figure 15.41: The response of the mean zonal wind in the north Atlantic sector to RCP8.5
(top) and El Niño (bottom). The response is very similar at the south boundary of the
subtropical jet. Figure courtesy of J.F. Booth.
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Figure 15.42: The global response of the mean zonal wind to RCP8.5 (top) and El Niño
(bottom). The response to RCP8.5 shows similarities to the response to El Niño for the
subtropical jet. Figure courtesy of J.F. Booth.
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Table 15.1: The mean and standard deviation of the EPG and OLC across seasons and
ENSO phases for ERA-Interim (1979-2010), and the 20th century (1970-2005) and RCP8.5
scenario (2070-2100) from the CMIP5 models used in this study.
EPG OLC
historical RCP8.5 historical RCP8.5
ERA-Interim
DJF [0.688,0.031] - [10.345,0.969] -
MAM [0.590,0.075] - [2.917,2.556] -
JJA [0.366,0.029] - [-1.151,0.64] -
SON [0.511,0.071] - [4.979,2.474] -
El Niño (DJF) [0.692,0.03] - [10.155,1.052] -
La Niña (DJF) [0.672,0.027] - [10.337,0.979] -
CanESM2
DJF [0.678,0.051] [0.595,0.034] [11.974,1.22] [9.821,1.227]
MAM [0.571,0.091] [0.537,0.072] [2.506,3.351] [0.821,3.511]
JJA [0.314,0.033] [0.285,0.037] [-3.771,1.009] [-6.344,1.121]
SON [0.467,0.064] [0.444,0.065] [5.698,3.265] [3.916,3.541]
El Niño (DJF) [0.676,0.052] [ 0.601,0.04] [11.978,1.061] [9.915,1.073]
La Niña (DJF) [0.678,0.054] [0.578,0.031] [11.88,1.433] [9.820,1.256]
GISS E2-H
DJF [ 0.729,0.036] [0.642, 0.027] [11.029,1.217] [9.712,1.234]
MAM [0.618,0.085] [0.57,0.068] [3.359,2.463] [2.317,2.5876]
JJA [0.401,0.018] [0.38, 0.017] [-0.907,0.707] [-1.91021,0.7338]
SON [0.549,0.067] [0.511,0.055] [5.697,2.642] [4.644,2.696]
El Niño (DJF) [0.717,0.034] [0.637,0.032] [10.937,1.150] [10.404,0.797]
La Niña (DJF) [0.727,0.022] [0.62,0.022] [11.228,1.278] [10.382,0.596]
NorESM1-M
DJF [0.665,0.033] [0.594,0.031] [ 10.139,0.935] [8.644,0.746]
MAM [0.558,0.074] [0.526,0.063] [3.6,2.218] [ 2.304,2.265]
JJA [0.372,0.020] [0.342,0.028] [-0.646,0.512] [-2.419,0.638]
SON [0.512,0.064] [0.465,0.051] [5.285,2.314] [3.940,2.325]
El Niño [0.671,0.0265] [0.590,0.016] [10.437,0.935] [8.792,0.675]
La Niña [0.655,0.033] [0.575,0.031] [9.983,0.933] [8.347,0.377]
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Table 15.2: The likelihood Lij that the joint pdf’s of the jet and eddy energy fields cor-
responding to strong/weak gradients and ENSO phases be the same for the ERA-Interim
data. Highlighted values indicate pdf’s that could not be drawn from the same population
at the 5% significance level, because both Lij and Lji(bold) or at least one of them (italic)
rejects the null hypothesis. The method used is described in Appendix B.4.
Jet PC1,PC-2
strong weak El Niño La Niña L↵
strong - 0.17 - - L↵ij = 0.36
weak 0.23 - - - L↵ji = 0.36
El Niño - - - 0.19 L↵ij = 0.37
La Niña - - 0.3 - L↵ji = 0.37
Eddy PC-1,PC-2
strong weak El Niño La Niña L↵
strong - 2.75 - - L↵ij = 2.7
weak 3.1 - - - L↵ji = 2.72
El Niño - - - 2.7 L↵ij = 2.82
La Niña - - 2.76 - L↵ji = 2.72
Jet, Eddy PC-1
strong weak El Niño La Niña L↵
strong - 0.06 - - L↵ij = 0.11
weak 0.07 - - - L↵ji = 0.11
El Niño - - - 0.11 L↵ij = 0.11
La Niña - - 0.12 - L↵ji = 0.11
Jet, Eddy PC-2
strong weak El Niño La Niña L↵
strong - 0.06 - - L↵ij = 0.07
weak 0.08 - - - L↵ji = 0.07
El Niño - - - 0.04 L↵ij = 0.07
La Niña - - 0.06 - L↵ji = 0.07
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Table 15.3: The p-values from a two-sample Wilcoxon test on the leading PCs of the jet and
eddy energy . The null hypothesis is that the distribution of the PCs is the same during
strong and weak surface temperature gradients. Bold values indicate rejection of the null
hypothesis.
ERA-I CanESM2 GISS E2-H NorESM
historical RCP8.5 historical RCP8.5 historical RCP8.5
Jet energy (PC-1) << 0.05 << 0.05 << 0.05 << 0.05 << 0.05 << 0.05 0.017
Jet energy (PC-2) 0.03 << 0.05 << 0.05 0.03 0.11 0.004 0.246
Eddy energy (PC-1) 0.11 0.27 0.019 0.18 0.89 0.004 0.05
Eddy energy (PC-2) 0.03 0.74 0.018 0.97 0.99 << 0.05 << 0.05
Table 15.4: The p-values from a two-sample Wilcoxon test on the leading PCs of the jet and
eddy energy . The null hypothesis is that the distribution of the PCs is the same during
the El Niño and La Niña phase. Bold values indicate rejection of the null hypothesis.
ERA-I CanESM2 GISS E2-H NorESM
historical RCP8.5 historical RCP8.5 historical RCP8.5
Jet energy (PC-1) 0.71 0.47 << 0.05 << 0.05 << 0.05 << 0.05 0.01
Jet energy (PC-2) << 0.05 << 0.05 << 0.05 0.002 << 0.05 << 0.05 << 0.05
Eddy energy (PC-1) 0.76 0.32 0.4 0.33 0.11 0.53 0.6
Eddy energy (PC-2) << 0.05 0.21 0.004 0.02 << 0.05 0.67 0.23
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Table 15.5: As in 15.2, for CanESM2 (historical simulation)
Jet PC-1,PC-2
strong weak El Niño La Niña L↵
strong - 0.64 - - L↵ij = 2.09
weak 1.35 - - - L↵ji = 2.09
El Niño - - - 2.38 L↵ij = 2.24
La Niña - - 2.61 - L↵ji = 2.26
Eddy PC-1,PC-2
strong weak El Niño La Niña L↵
strong - 6.41 - - L↵ij = 6.23
weak 5.96 - - - L↵ji = 6.38
El Niño - - - 7.19 L↵ij = 6.87
La Niña - - 7.37 - L↵ji = 6.97
Jet, Eddy PC-1
strong weak El Niño La Niña L↵
strong - 0.26 - - L↵ij = 0.41
weak 0.39 - - - L↵ji = 0.42
El Niño - - - 0.45 L↵ij = 0.45
La Niña - - 0.5 - L↵ji = 0.45
Jet, Eddy PC-2
strong weak El Niño La Niña L↵
strong - 0.14 - - L↵ij = 0.28
weak 0.18 - - - L↵ji = 0.28
El Niño - - - 0.31 L↵ij = 0.31
La Niña - - 0.33 - L↵ji = 0.31
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Table 15.6: As in 15.2, for CanESM2 (RCP8.5 simulation)
Jet PC-1,PC-2
strong weak El Niño La Niña L↵
strong - 0.08 - - L↵ij = 1.92
weak 0.008 - - - L↵ji = 1.88
El Niño - - - 0.98 L↵ij = 2.25
La Niña - - 1.6 - L↵ji = 2.25
Eddy PC-1,PC-2
strong weak El Niño La Niña L↵
strong - 6.56 - - L↵ij = 5.31
weak 8.11 - - - L↵ji = 5.37
El Niño - - - 6.24 L↵ij = 6.52
La Niña - - 6.83 - L↵ji = 6.44
Jet, Eddy PC-1
strong weak El Niño La Niña L↵
strong - 0.02 - - L↵ij = 0.35
weak 0.03 - - - L↵ji = 0.35
El Niño - - - 0.34 L↵ij = 0.41
La Niña - - 0.45 - L↵ji = 0.41
Jet, Eddy PC-2
strong weak El Niño La Niña L↵
strong - 0.02 - - L↵ij = 0.25
weak 0.11 - - - L↵ji = 0.24
El Niño - - - 0.14 L↵ij = 0.3
La Niña - - 0.21 - L↵ji = 0.3
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Table 15.7: As in 15.2, for GISS E2-H (historical simulation)
Jet PC-1,PC-2
strong weak El Niño La Niña L↵
strong - 0.75 - - L↵ij = 0.91
weak 0.69 - - - L↵ji = 0.91
El Niño - - - 0.32 L↵ij = 0.88
La Niña - - 0.93 - L↵ji = 0.88
Eddy PC-1,PC-2
strong weak El Niño La Niña L↵
strong - 4.96 - - L↵ij = 4.81
weak 5.51 - - - L↵ji = 4.78
El Niño - - - 6.5 L↵ij = 4.59
La Niña - - 5.22 - L↵ji = 4.78
Jet, Eddy PC-1
strong weak El Niño La Niña L↵
strong - 0.19 - - L↵ij = 0.21
weak 0.14 - - - L↵ji = 0.21
El Niño - - - 0.11 L↵ij = 0.2
La Niña - - 0.23 - L↵ji = 0.2
Jet, Eddy PC-2
strong weak El Niño La Niña L↵
strong - 0.14 - - L↵ij = 0.15
weak 0.19 - - - L↵ji = 0.15
El Niño - - - 0.11 L↵ij = 0.15
La Niña - - 0.17 - L↵ji = 0.15
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Table 15.8: As in 15.2, for GISS E2-H (RCP8.5 simulation)
Jet PC-1,PC-2
strong weak El Niño La Niña L↵
strong - 0.57 - - L↵ij = 0.74
weak 0.3 - - - L↵ji = 0.74
El Niño - - - 0.44 L↵ij = 0.81
La Niña - - 0.83 - L↵ji = 0.82
Eddy PC-1,PC-2
strong weak El Niño La Niña L↵
strong - 6.14 - - L↵ij = 4.5
weak 5.82 - - - L↵ji = 4.5
El Niño - - - 4.55 L↵ij = 4.9
La Niña - - 5.84 - L↵ji = 5.0
Jet, Eddy PC-1
strong weak El Niño La Niña L↵
strong - 0.18 - - L↵ij = 0.17
weak 0.12 - - - L↵ji = 0.17
El Niño - - - 0.09 L↵ij = 0.18
La Niña - - 0.2 - L↵ji = 0.18
Jet, Eddy PC-2
strong weak El Niño La Niña L↵
strong - 0.1 - - L↵ij = 0.13
weak 0.12 - - - L↵ji = 0.13
El Niño - - - 0.1 L↵ij = 0.14
La Niña - - 0.15 - L↵ji = 0.14
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Table 15.9: As in 15.2, for NorESM1-M (historical simulation)
Jet PC-1,PC-2
strong weak El Niño La Niña L↵
strong - 0.58 - - L↵ij = 0.89
weak 0.74 - - - L↵ji = 0.89
El Niño - - - 0.59 L↵ij = 0.89
La Niña - - 0.71 - L↵ji = 0.89
Eddy PC-1,PC-2
strong weak El Niño La Niña L↵
strong - 5.28 - - L↵ij = 4.89
weak 5.61 - - - L↵ji = 4.94
El Niño - - - 5.97 L↵ij = 4.92
La Niña - - 5.91 - L↵ji = 4.97
Jet, Eddy PC-1
strong weak El Niño La Niña L↵
strong - 0.15 - - L↵ij = 0.22
weak 0.15 - - - L↵ji = 0.22
El Niño - - - 0.27 L↵ij = 0.22
La Niña - - 0.22 - L↵ji = 0.22
Jet, Eddy PC-2
strong weak El Niño La Niña L↵
strong - 0.15 - - L↵ij = 0.17
weak 0.2 - - - L↵ji = 0.17
El Niño - - - 0.11 L↵ij = 0.17
La Niña - - 0.16 - L↵ji = 0.17
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Table 15.10: As in 15.2, for NorESM1-M (RCP8.5 simulation)
Jet PC-1,PC-2
strong weak El Niño La Niña L↵
strong - 0.36 - - L↵ij = 0.92
weak 0.56 - - - L↵ji = 0.92
El Niño - - - 0.91 L↵ij = 0.94
La Niña - - 0.81 - L↵ji = 0.94
Eddy PC-1,PC-2
strong weak El Niño La Niña L↵
strong - 5.76 - - L↵ij = 5.05
weak 4.54 - - - L↵ji = 4.97
El Niño - - - 6.92 L↵ij = 5.07
La Niña - - 5.23 - L↵ji = 5.09
Jet, Eddy PC-1
strong weak El Niño La Niña L↵
strong - 0.09 - - L↵ij = 0.24
weak 0.12 - - - L↵ji = 0.24
El Niño - - - 0.29 L↵ij = 0.25
La Niña - - 0.24 - L↵ji = 0.25
Jet, Eddy PC-2
strong weak El Niño La Niña L↵
strong - 0.2 - - L↵ij = 0.16
weak 0.14 - - - L↵ji = 0.16
El Niño - - - 0.18 L↵ij = 0.2
La Niña - - 0.15 - L↵ji = 0.2
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Table 15.11: The sample size (in days) for each model and experiment for the cases consid-
ered, i.e. weak and strong surface temperature gradients, and El Niño and La Niña.
ERA-I CanESM2 GISS E2-H NorESM
historical RCP8.5 historical RCP8.5 historical RCP8.5
strong 310 341 121 369 217 462 214
weak 248 186 93 338 93 326 279
El Niño 540 1027 422 183 431 515 304
La Niña 422 717 571 242 248 332 304
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Part III
Variability in ENSO predictability
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Prediction is very di cult,
especially when it’s about the future.
Niels Bohr (1885-1962)
The results presented in previous chapters highlight the sensitivity of the probability struc-
ture of the jet and eddies to large-scale surface temperature changes (decreasing of the zonal
and meridional temperature gradients), and to ENSO phases. We saw that three CMIP5-
class models project a strengthening and equatorward shift of the subtropical jet stream
under strong radiative forcing (RCP8.5). This response could be dominated by tropical
Pacific climate change, and a strong ”El Niño-like” warming in the tropical Pacific could be
responsible for a net equatorward shift of the subtropical jet in an direction similar to that
observed during El Niño events. A central question in order to explore this hypothesis is
whether and how the Walker Circulation and the main regions of convection are changing
in association with the tropical Pacific warming trend. In addition, possible changes in
the structure, timing and amplitude of SST anomalies associated with ENSO could a↵ect
the probability structure of the jet and eddy response in the extratropics. ENSO behavior
in nature varies at decadal and longer time scales; in the models, it ranges from constant
periodicity or amplitude to significant inter-decadal variability in both period and ampli-
tude in 20th and 21st century simulations [Lin, 2007]. Changes in future ENSO amplitude
and frequency that may influence tropical-extratropical teleconnections are an unresolved
issue [Meehl et al., 2007; Collins et al., 2010; Fedorov and Philander, 2000]. Furthermore,
there is much uncertainty on whether in a future climate El Niño SST anomalies will be
concentrated in the central rather than the eastern equatorial Pacific [Yeh et al., 2009;
Lee and McPhaden, 2010].
It is evident from the above considerations that the e↵ects of a potentially changing ENSO
on the persistence and predictability characteristics of the mid-latitude atmosphere, im-
pose an additional uncertainty on any conclusions on future changes in the properties of
midlatitude atmosphere. In addition, the predictability properties of ENSO could leave an
imprint on the probability structure and predictability of the midlatitude atmosphere, via
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the strength of the tropical-extratropical teleconnections.
In Part III of the dissertation, we visit the issue of ENSO predictability of the first kind,
in the absence of external forcings. The presence of rich ENSO variability in the long un-
forced simulation of GFDL’s CM2.11, motivates the use of tools from dynamical systems
theory to study variability in ENSO predictability, and its connections to ENSO mag-
nitude, frequency, and physical evolution. Local Lyapunov Exponents (LLEs) from the
monthly NINO3 SSTa model output are used to characterize periods of increased or de-
creased predictability. The LLEs describe the growth of infinitesimal perturbations due to
internal variability, and could be considered as a measure of the predictive uncertainty at
any given point in the system phase-space. In the 2000-yr long simulation, predictability
varies (multi)decadally by as much as 9-18%. ”Active” ENSO periods seem more predictable
than ”inactive” ones, while epochs with regular periodicity and moderate magnitude are
classified as the most predictable by the LLEs. A linear relationship between predictability
and ENSO frequency is found in this model. Events with more west-Pacific heat pile-up
five years prior to their peak, and with a deepening of the thermocline a few months be-
fore the onset of SST anomalies are more predictable. To the extent that the LLE-derived
classification reflects the physical evolution of individual events, decreased predictability
seems associated with a ”de-coupling” of predictability between the upper-ocean heat con-
tent and the SST anomaly, likely resulting from the role of the air-sea interactions. Finally,
this study illustrates the uncertainty in predictability estimates from short observational
datasets and model runs, suggesting that long model simulations are useful for putting such
predictability estimates into perspective.
Citation: Karamperidou, C., M.A. Cane, U. Lall and A.T. Wittenberg, 2012:
Intrinsic modulation of ENSO predictability viewed through a local Lyapunov lens. in
prep.
1Geophysical Fluid Dynamics Laboratory Coupled Model 2.1
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Chapter 16
Introduction to Part III
The limits of predictability of the state of the tropical Pacific are still not known, and the
accuracy and range of ENSO predictions in dynamical, statistical, or hybrid models have
not improved significantly since the first dynamical forecast by [Cane et al., 1986] [Barn-
ston et al., 1999; Barnston et al., 2011]. The skill of models used at present for operational
ENSO forecasting varies with forecast lead-times [Landsea and Kna↵, 2000]: depending
on the event, models have provided skilful short-range (0-3 month lead), medium-range
(6-9 month lead) and long-range (12-22 month lead) forecasts (e.g. [Ruiz et al., 2005;
Drosdowsky, 2006; Lima et al., 2009]). It has been shown that model skill depends on
the amplitude of interannual ENSO variability, with active ENSO periods tending to be
better predicted than weaker ones [Kirtman and Schopf, 1998]. In addition, skill varies
decadally [Chen et al., 2004] with decadal variations in tropical Pacific climate, and the
limitations in our understanding of Pacific decadal variability impose limits on the skill of
ENSO predictions (see [Hazeleger et al., 2001; Karspeck et al., 2004; Power et al., 2006;
Penland and Matrosova, 2006] and references therein).
The limits of predictability depend on the mechanisms responsible for ENSO irregularity
and equilibration at finite amplitude [Sarachik and Cane, 2010]. The former have been
linked to either chaos [Munnich et al., 1991; Jin et al., 1994; Tziperman et al., 1994;
Timmermann and Jin, 2002; Ghil et al., 2008], or noise ([Kleeman, 2008] and references
therein). Both depend on the stability -or lack of it- of the atmosphere-ocean interactions.
It is possible that real ENSO behavior emerges from the dialectics of chaos and noise, with
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each player dominating in any given decade.
Decadal variability of ENSO is present in historical and paleoclimate records, and has been
simulated by a hierarchy of dynamical and statistical models. As discussed in [Lin, 2007], the
representation of the inter-decadal variability of ENSO in the Coupled GCMs participating
in the IPCC AR4 ranges from constant periodicity or amplitude to significant inter-decadal
variability in both period and amplitude. While long runs of intermediate dynamical mod-
els, such as the ZC model [Zebiak and Cane, 1987], that exhibit inter-decadal and inter-
centennial variability have been a subject of numerous studies, only recently have long runs
of coupled GCMs become available. [Wittenberg, 2009] discusses the strong inter-decadal
and inter-centennial ENSO variability in the 2000-yr run of the GFDL CM2.1 coupled GCM
with solar irradiance, land cover and atmospheric composition held constant at 1860 values
[Wittenberg et al., 2006]. The presence of such rich variability in the absence of varia-
tions in solar or volcanic forcing that could induce persistent regimes [Mann et al., 2005;
Emile-Geay et al., 2007; Guilyardi et al., 2009], along with the length of the simulation, pro-
vides new ground for investigation of the causes of long-term modulation of ENSO behavior,
and the implications for predictability at time-scales from the short-range to the decadal.
[Wittenberg, 2009] shows that beyond 10 years the CM2.1 wait times between moderate-
to-strong warm event peaks are indistinguishable from those of a Poisson process, thus
indicating that ENSO modulation at inter-decadal and inter-centennial time scales need
not require multi-decadal memory in the system.
Here, we address questions surrounding the variability in ENSO predictability in the con-
text of dynamical systems theory. In an early report, [Abarbanel et al., 1991b] note that
”extremely long” (1000 years or more) runs of coupled atmosphere-ocean models are re-
quired to study the issue of whether the climate system exhibits chaotic behavior at all
time scales of interest; the latter being the real issue of predictability. The 2000-yr long
GFDL CM2.1 pre-industrial run allows such investigations. Here, we calculate the Local
Lyapunov Exponents (LLEs) from the model’s NINO3 Index time series as a measure of
ENSO predictability. The LLEs are particularly useful in characterizing predictability lo-
cally in the attractor of a system that likely passes through phases of increased or decreased
predictability. We show (multi)decadal variations in predictability by as much as 9-18%, as
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measured by the LLEs. While we find no connection between predictability and magnitude
of events in the full 2000-yr simulation, there are epochs when such relationships arise. The
LLEs support results previously reported using very di↵erent methodologies, such as that
model forecast skill increases during ’active’ ENSO epochs, and that when the system is in
sustained oscillatory mode predictability is also enhanced. We compare model predictabil-
ity to predictability in nature quantified by the same methods. We find that the loss of
information in the GCM is faster than in nature, more so in active periods (post-1960).
Finally, we show that events with more heat pile-up in the Western Pacific five years prior
to their peak, and with a deepening of the thermocline three months before the onset of
the SST anomalies are more predictable. The LLE-based classification of events in terms
of predictability seems to be consistent with expectations from the physical understanding
of the ENSO system.
This part of the dissertation is organized as follows. First we discuss the relevant basic
principles of the ergodic theory of dynamical systems (chapter 17.1). Then we interpret
these principles in the context of ENSO simulated by a high-dimensional model (chapter
17.2). In chapter 18 we calculate the LLEs from the pre-industrial GFDL CM2.1 NINO3
monthly time series, analyze their statistics, and use them to classify distinct epochs of
ENSO behavior in terms of predictability. In chapter 19 we analyze the periods of the
simulation that more closely mimic the statistics of the observed ENSO record, and o↵er
a comparison between predictability in CM2.1 and in observations. Then, we explore the
relationship between predictability and the physical evolution of ENSO events, as well as
predictability of the upper-ocean heat content in four model events that are similar to the
1997-98 event in terms of SSTa evolution (chapter 20). Summary and conclusions close this
part of the dissertation (chapter 21).
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We o↵er here a brief discussion of the key concepts of the ergodic theory of dynamical
systems. The reader is referred to [Abarbanel, 1995] for a demystification of the concepts
that follow.
A commonly used method in studies of dynamical systems is phase-space reconstruction
by time-delaying of a single state variable X. The key concept behind this method is that
the time history of a single variable may act as a proxy for any of the variables of the
system, since all variables are connected in a dynamical process. The measurement X(t)
is a result of the evolution of the dynamical system from X(t   ⌧) over a period ⌧ during
which all dynamical variables a↵ect the variable X. Thus, X(t) is an unknown nonlinear
combination of all variables in the system, so the construction of a d-dimensional vector
{X(t), X(t   ⌧), X(t   2⌧), ..., X(t   d · ⌧)} of the time delays of X(t) stands as a proxy
for observing d variables of the system. The dynamical system evolves over time towards
subsets of the phase space, known as attractors.
To reconstruct the phase space one needs to determine the appropriate embedding dimension
d and time lag ⌧ .
The False Nearest Neighbor (FNN) method [Kennel et al., 1992] determines the su cient
embedding dimension for unfolding of the attractor in the following way: A vector x(t)
in the d-dimensional phase space has neighboring vectors, denoted by xNN (t). If a given
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xNN (t) is a true neighbor of x(t), then it came to the neighborhood of x(t) through the
evolution of the system dynamics. If, on the other hand, xNN (t) is a false neighbor, then it
has arrived in the neighborhood of x(t), not due to the dynamics, but by projection from
a higher dimension: The dimension d does not unfold the attractor, and by moving to the
next dimension d+1, the said false neighbor will be removed from the neighborhood of x(t).
Consequently, the su cient embedding dimension to unfold the attractor may be defined
as the dimension above which no more false neighbors can be found.
[Abarbanel et al., 1993] tested the robustness of the FNN method by examining the e↵ect
of adding noise to a signal from the Lorenz attractor. They showed that until a ratio
N/R = 0.5, where R is the rms of the signal, and noise is uniform in [ N,N ], the FNN
technique is able to definitively detect low-dimensional signals, and the residual percentage
of false neighbors gives an indication of the noise level (see their figure 17).
In order to determine the appropriate time lag for the embedding, it is best to use a nonlinear
measure, such as the Average Mutual Information [Shannon, 1948]. The Average Mutual




P (X(t), X(t+ ⌧))log
P (X(t), X(t+ ⌧))
P (X(t))P (X(t+ ⌧))
(17.1)
The lag ⌧ that corresponds to the first minimum of the AMI can be chosen as the optimal
lag for the embedding. An additional, but linear, criterion is the first zero crossing of the
autocorrelation function, which is usually at the same order of the first minimum of AMI
[Abarbanel et al., 1993].
Trajectories of the system remain in the attractor even if slightly perturbed. The rate
at which the nearby trajectories separate (diverge) in the phase space is described by the
Lyapunov exponents, introduced by [Oseledec, 1968]. Lyapunov exponents are a measure
of the ’strength of chaos’, and are metric invariants, in that they are insensitive to initial
conditions or small perturbations of an orbit in the phase space. For a system to possess
chaos, positive Lyapunov exponents have to exist, and their sum is equal to the Kolmogorov-
Sinai entropy [Pesin, 1977]. This statement links dynamical systems theory to information
theory, and is central in studying the predictability of a nonlinear system: In a dynamical
system with positive entropy h(X), two points that are unresolvable at t = 0 will follow after
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some time ⌧ separate trajectories. The possible number of separable trajectories generated
by the system after time ⌧ is measured by 2h(X)⌧ [Gallager, 1968; Rabinovich, 1978]. For
⌧P ⇡ h(X) 1, this number approaches the total number of trajectories available for the
system, so that all knowledge of the evolution of a specific orbit is lost; i.e. predictability is
lost after time ⌧P , although statistical information about the system is retained [Abarbanel
et al., 1993]. Since the Kolmogorov-Sinai entropy h(X) is approximately equal to the
largest global Lyapunov exponent  1(X), ⌧P ⇡  1(X) 1. The average prediction error in
the system at time t can be described by:
E(t) = E(0)exp( 1t) (17.2)
While global Lyapunov exponents characterize the average predictability of the attractor,
in systems like ENSO, where predictability has been shown to vary with decade, it would be
useful to characterize the local behavior of instabilities. Local Lyapunov Exponents  (x, L)
measure the growth or decay over L time steps of a perturbation made around a specific
point x of the attractor [Kennel et al., 1994].
As L ! inf,  (x, L) !  , the global exponent. The local error-doubling time is approxi-
mately  1(x, L) 1, where  1 is the largest Local Lyapunov Exponent (LLE), which dom-
inates predictability. The Local Lyapunov exponents, and thus local predictability, may
vary significantly on the attractor indicating times of enhanced or reduced predictability
[Abarbanel et al., 1991a; Legras and Ghil, 1985; Nese, 1989].
In general, the methods used in nonlinear time series analysis are burdened by the finite
size of the dataset, the presence of stochastic noise, and the fractal nature of the attractor
[Bryant et al., 1990]. When one suspects the presence of chaos in a time series, it is best not
to use linear methods for noise reduction, such as moving average smoothing and low-pass
filtering, because they attenuate the low and high frequency components and possibly dis-
tort the underlying nonlinear dynamics [Schreiber, 1993]. Here, we treat the model output
in a perfect-model and noise-free sense, applying no smoothing.
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17.2 Interpretation for ENSO
We compute the Local Lyapunov Exponents from monthly time series from the 2000-yr
simulation of the GFDL CM2.1 coupled GCM with solar irradiance, land cover and at-
mospheric composition held constant at 1860 values [Wittenberg et al., 2006], following
the methods described by [Bryant et al., 1990] and [Abarbanel et al., 1993]. The GCM
is a high-dimensional dynamical system. In principle, at any time it has a set of LLEs
(i.e the eigenvalues of the linear tangent model at that point in phase space) that are a
function of the model equations and the system state. These exponents are not calculated
directly; rather, they are derived from ’observed data’, which in our case is the model out-
put (monthly NINO3 Index, upper-ocean heat content etc).
The LLEs describe the growth of infinitesimal perturbations due to internal variability.
The local error-doubling time of small perturbations in the system, which is approxi-
mated by the inverse of the LLE, is smaller when the LLEs are large and the system
less predictable. If one interprets the NINO3-derived LLEs in the context of ENSO be-
ing a weakly damped oscillator sustained by wind perturbations (e.g.[Neelin et al., 1998;
Kirtman and Schopf, 1998; Thompson and Battisti, 2000; Thompson and Battisti, 2001;
Fedorov and Philander, 2001]), then the derived LLEs would describe the capacity of wind
perturbations that slightly alter the initial conditions to grow at faster or slower rates and
hinder or not predictability. As was noted in [Fedorov, 2002] and [Fedorov et al., 2003],
the initial conditions are important for the influence of the westerly wind bursts: during
the initiation of a warm event a westerly wind burst can accelerate the development of the
event, while one after the peak of El Niño will simply prolong its duration. Therefore, it
could be reasonable to treat them as possible slight perturbations of the monthly NINO3
index, on which our LLE calculations are performed. These wind perturbations need not be
external to the system, as shown in [Eisenman et al., 2005] and [Tziperman and Yu, 2007].
In any case, whether these perturbations be external weather noise, or modulated by the
ENSO state, the SST-derived LLEs that we examine here could describe the rate of error
growth following such perturbations.
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Chapter 18
Variability in predictability in the
GFDL CM2.1-1860 simulation
18.1 Reconstruction of the phase space
Applying the False Nearest Neighbor (FNN) method described by [Kennel et al., 1992] to
the unsmoothed monthly time series of NINO3 SST anomalies from the 2000-yr GFDL
CM2.1 pre-industrial simulation, we estimate the necessary embedding dimension as d = 5.
Both the Average Mutual Information and the autocorrelation function, suggest a time lag
⌧ of 11 months for the embedding. To avoid the influence of seasonality in our analyses,
we exclude points within 12 months of a target point in the search for nearest neighbors.
Therefore, the 5-dimensional reconstructed phase space spans 5 years. We compute the
LLEs over L = 4 time steps around each month, therefore the LLEs discussed here describe
local error growth over a 4-month window.
18.2 Epochs of ENSO predictability
We calculate two positive and one negative LLE with [mean, standard deviation] equal to
[0.77, 0.068],[0.233, 0.068], and [ 0.728, 0.109]. The small magnitude of the calculated LLEs
indicates a weakly chaotic system. Significance testing against an AR process confirms
that the LLEs calculated from CM2.1 could not have come from a periodic autoregressive
164
CHAPTER 18. VARIABILITY IN PREDICTABILITY IN THE GFDL CM2.1-1860
SIMULATION
process. The mean doubling-time of local errors due to infinitesimal perturbations can be
approximated by the inverse of the mean of the largest LLEs, and is equal to 1.3 months.
In order to quantify variability in predictability over the long simulation, we define terciles
of predictability based on the 33rd and 67th percentile of the largest LLE. The mean and
standard deviation of the LLEs for each level is equal to [0.845, 0.048], [0.767, 0.015] and
[0.7, 0.032], respectively. On average, predictability increases by approximately 9% from
one tercile to the next lower one.
The variations in predictability in the 2000-yr run are shown in figure 22.1. Red color (first
tercile) indicates periods with the least predictability; orange periods (second tercile) are
intermediate, and green periods (third tercile) are in the most predictable tercile.
[Wittenberg, 2009] noted distinct periods of ENSO behavior, shown in the shaded regions
in figure 22.1. Some of these epochs correspond to distinct periods of ENSO predictability.
Epoch M1, whose ENSO variability mimics pre-1960 observations is marked by decadal
variations in predictability. The decades with stronger variability and persistence of events,
such as years 330-350 seem less predictable. Epoch M6 agrees well with the post-1960
observed variability, characterized by weak, biennial oscillations, followed by a large warm
event, then several smaller events, another large warm event, and then a long quiet period.
This irregularity seems reflected in predictability, as shown in figure 22.1.
On the other hand, epoch M2 with moderate ENSO events which exhibit regular periodic-
ity, is marked as a period with constantly enhanced predictability. Epoch M3, a period of
consistently strong variability, has long periods of enhanced predictability. The quiet epoch
M5 is characterized by more La Niña events; in this epoch, predictability is decreased, as
indicated by the prominence of red periods. Epoch M7 with strong warm events is also
classified as less predictable by the LLEs, while the irregularity of ENSO in epoch M6 is
accompanied by irregularity in predictability.
Is there correspondence between the decadal variability in ENSO magnitude and frequency
and the decadal variability in ENSO predictability? Figure 22.2 shows scatterplots of
NINO3 standard deviation, period and mean error-doubling time (approximated by the
inverse of the LLEs) for epochs M1 to M7, and for consecutive 50-yr periods (stars). The
mean period for each 50-yr period is defined from the peak of the wavelet power spectrum.
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In this model, higher variance is associated with larger period, i.e. the stronger the events
the longer it takes for the Pacific to ’recharge’ to give another event so the longer the
wait-time between events (figure 22.2a). The relationship between the error-doubling time
and the period shows some linearity (figure 22.2b). Note that the ’inactive’ period M4 has
shorter error-doubling time than the ’active’ period M3; the latter is characterized by longer
periodicity and higher variance. Epoch M2, which is the most predictable has the longer
period and highest variance. However, the relationship between predictability and standard
deviation is not linear for all the periods considered. For epochs M1-M7, error-doubling
time and standard deviations are linearly related, however, this does not hold when all
consecutive 50-yr periods are considered (figure 22.2c).
Is there is a relationship between the magnitude of individual events and their classification
in terms of predictability? There seems to be no such relationship over the whole 2000-yr
run. However, such relationships arise when one looks within the epochs whose spectral
characteristics resemble observed ENSO periods. Figure 22.3 shows the probability density
function that an event of certain magnitude be associated with each of the three levels
of predictability. In epoch M1, which mimics the pre-1960 observed record, strong warm
events are deemed less predictable, in contrast to strong cold events (figure 22.3a). For
example, strong warm events of magnitude 2.5 have a 63% probability of being less pre-
dictable (level 1). Strong cold events of magnitude -2 have 40% probability of belonging
to level 1, and 60% probability of belonging to one of the other two categories of enhanced
predictability. The picture is quite di↵erent during active epoch M6, which agrees with the
post-1960 observed ENSO variability, as seen in figure 22.3b. This epoch has stronger warm
ENSO events (note the abscissa). The majority of the 2.5-degree events here is deemed more
predictable (levels 2 and 3). This result suggests that caution should be exercised when
one infers relationships between predictability and magnitude of ENSO events based on the
short record: conclusions are epoch-dependent, and no such relationship could be inferred
from our examination of the full 2000-yr long simulation. A discussion about predictability
in epochs M1 and M6, and in the observed record follows in chapter 19.
Finally, we compare one active and one inactive period. During active epoch M3 very strong
warm events are more predictable in contrast to strong cold events (figure 22.3c). During
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the inactive period M4 strong warm events are less predictable, and, on average, the whole
inactive period M4 is less predictable than the active period M3 (compare figures 22.3c and
22.3d). The same conclusion can be drawn from figure 22.2. This result is consistent with
the finding of [Kirtman and Schopf, 1998] that forecast skill is higher in periods of high
amplitude interannual variability.
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Chapter 19
Predictability in CM2.1 vs.
observations
In this section, we compare the LLE characteristics in epochs M1 and M6 to the LLEs
computed from the observed record.
We compute the LLEs from the NOAA Extended Reconstructed SST ERSST.v3 record;
figure 22.4 shows the NINO3 time series, with colors indicating terciles of predictability,
as in previous sections. The shaded regions R1’ and R2’ are the two periods discussed in
[Wittenberg, 2009], corresponding to model epochs M1 and M6, respectively.
Figure 22.5 shows the probability density function of the error-doubling time, which is
approximated by the inverse of the largest LLEs, for a) epoch M1 and its corresponding
period 1900-1960 in the observed record, and b) epoch M6 and its corresponding period
1961-2000. Note that for a consistent comparison with the 100-yr long record, the LLEs are
computed here using 100-year periods (M1 and the period 1501-1600 containing epoch M6).
The gray dashed line shows the probability density function estimated for the full 2000-yr
long run, while the gray solid line shows the pdf estimated from the 100-yr long record.
The gray long-dashed line refers to the 100-yr long record after removal of a 20-yr running
mean. The black dotted line delineates the pdf of the error-doubling time computed from
randomly selected 100-yr long periods from an unforced 150,000-yr long simulation from
the Zebiak-Cane (ZC) model [Zebiak and Cane, 1987].
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In general, the mean error-doubling time in the model is smaller than in the observed record,
indicating that the rate of information loss in the model is faster than in nature. The median
error-doubling time for epochs M1 and M6 is 1.67 and 1.61 months, respectively, compared
to 2.3 and 2.1 months in the pre- and post-1960 observed periods. The lower variance in the
model pdf indicates less variability in predictability compared to observations. The model
also has less predictability in the more active epoch M6 (figure 22.5b). Interestingly, an
apparent bimodality of the error-doubling time is present in both the model and the obser-
vations in figure 22.5a. The probability mass of the error-doubling time from observations
is shifted to lower values in the active post-1960 period (the median value shifts from 2.3 to
2.1), and median predictability is reduced by 8.5%. However, the tails of the distribution
are heavier and extend up to 4 months in the active 1961-2000 period. In CM2.1, the shift
in median values is of the order of 4%. The error-doubling time in the ZC model is in good
accordance with the observed record, namely 2.25 months, but its pdf has thinner tails.
It could be argued from figure 22.5 that real-world predictability is an upper bound for
model predictability, since the probability mass of the error-doubling time from observa-
tions lies above that of the model. This may seem counter-intuitive at first; since models are
idealized representations of nature, one would expect that the model predictability would
be an upper bound for the real-world predictability, and not the opposite. The above would
be a fair statement with regard to parsimonious models, but not necessarily for a GCM,
which has more degrees of freedom, and could therefore have more sensitivity to initial
conditions than nature, where di↵usion and friction lead to damping, and, hence, higher
predictability. In other words, the GFDL CM2.1 modes may be more unstable than the
real ENSO modes. Based on the above, one could expect an intermediate climate model,
with less degrees of freedom and less climate noise, to capture nature’s predictability better.
Indeed, the median and the variance of the error-doubling time in the ZC model is closer
to the one of the observed record.
The discrepancy between between real-world and GCM predictability could be arising from
the (linear) in-filling techniques, and from the external forcings present in the historical
reconstruction, which could lend predictability to the record. Let us assume that the trend
in the observed time series is a result of external forcings, and is a source of predictability
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in this time series. Then, if external forcings are responsible for increased predictability in
the observations, then one would expect the local error-doubling times of the de-trended
time series to be smaller than the ones computed on the original data. In figure 22.5, the
gray long-dashed lines show the pdf of the error-doubling times after a 20-yr running mean
has been removed from the data. The result is opposite than expected: the left tail of
the distribution is shifted towards longer error-doubling times after removal of the running
mean, indicating that the de-trended time series is more predictable than the original one.
Hence, one would reject the hypothesis that assuming that external forcings are the source
of a trend in ENSO time series, they lend predictability to the phenomenon. However, it
was noted in section 17.1 that moving-average smoothing is dangerous in nonlinear time
series analysis, because such methods attenuate the low and high frequency components,
and possibly distort the dynamics. Therefore, one cannot claim certainty in conclusions
drawn after smoothing of the time series.
Finally, the reduction in variance between the 2000-yr sample and the 100-yr sample, seen
in figure 22.5, gives a sense of the uncertainty due to sampling when considering only a
short record period or model run. This suggests that phase-space reconstruction based on
only a century of data may not su ce to capture the system’s dynamics; this concern is
complementary in nature to the concern of [Wittenberg, 2009] about whether the available
ENSO record su ces to constrain ENSO simulations.
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Chapter 20
Relationship of predictability and
underlying ENSO dynamics.
As explained in section 17, the fundamental idea of phase space reconstruction by time-delay
embedding of a single variable is that the delay coordinates constituting the embedding con-
tain information about state variables that are not explicitly sampled, and are thus able to
capture the dynamics of the underlying high-dimensional system. The LLEs measure the
rate of divergence of nearby trajectories in this reconstructed phase space. Typically, the
number of delay coordinates needed is less than or equal to 2d + 1, where d is the ”true”
dimension of the underlying phase space if all relevant variables were sampled and available
to form the phase space. It is of interest, then, to examine the capacity of the phase-space
reconstruction based solely on the NINO3 Index to capture underlying ENSO dynamics. In
other words, is the classification of events in terms of predictability from the LLEs reflecting
the behavior of underlying variables?
Subsequent analyses are based on the phase space reconstruction from the first 500 years
of simulations, the period for which we had access to upper-ocean heat content data. The
answer to the posed question might be di↵erent for the full 2000 years or for longer sim-
ulations. The limitations that short records and simulations impose to the investigation
of the dynamics and variability of ENSO are well known, have been a central concern in
[Wittenberg, 2009], and are further illustrated here, in the context of dynamical systems
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theory.
We composite the 120-month Hovmöller diagrams of SST and upper-ocean heat content
anomalies (0-300m, 10 S-10 N) for the events classified as more (green) and less (red) pre-
dictable. Figure 22.6 shows the di↵erence of the composite diagrams (green minus red).
Stippled areas denote statistical significance based on bootstrapping. The SST di↵erence
plot is also field-significant at the 75% level, while the heat-content di↵erence plot is field-
significant at the 97% level. The most notable di↵erence is the heat pile-up in the west
Pacific five years prior to the event, and the associated cold anomalies in the east Pacific.
The least predictable events are stronger, which accounts for the larger SST anomalies in
the central Pacific at the peak of the event (t=0), so a claim cannot be made on the basis
of these results that central Pacific El Niños are more predictable. Also, the predictability
classification is done here on the basis of the NINO3 Index. However, applying these meth-
ods to the NINO4 Index might confirm the results of [Kim et al., 2009], who show that the
NINO4 Index is more predictable than the NINO3 Index and thus central Pacific El Niños
are more predictable than eastern Pacific ones.
Figure 22.7 shows the SST and thermocline depth anomaly within 48 months of the peak
of the events. Light green and red lines show individual events, while thick lines are their
composite. While the onset of the SST anomalies is almost simultaneous for both groups,
the thermocline starts deepening approximately four months earlier in the most predictable
events. Thus, the LLEs seem to be reflecting a reduced uncertainty regarding the onset of
an event given a thermocline that starts depending early on. The amplitude of the earlier
thermocline anomaly in the most predictable events -almost five meters- can be captured
by satellites.
The results hint towards the notion that the thermocline depth contains more information
than the SST anomaly, i.e. that the slower variable of the system has more predictability
than the faster one. To investigate this, we consider the very strong 1997-98 El Niño event,
and events in the model that are similar in their SST evolution to the observed event. Ac-
cording to the LLEs calculated from the ERSST.v3 record, during the 1997-98 event, errors
grow exponentially at a faster rate within 4-month windows until June 1997 (see detail in
the bottom panel of figure 22.7), when, the system moves into a more predictable region of
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the attractor. In other words, perturbations of the system in the period up to approximately
March-April 1997 could grow fast due to internal dynamics, the loss of information would
occur at a higher rate, and, therefore uncertainty in predictions would be higher. After that
period, small perturbations grow more slowly, making the subsequent event evolution more
predictable. This is an interesting result considering that although many of the models
forecasted some degree of warming one to two seasons prior to the onset of the El Niño in
boreal spring of 1997, none predicted its strength until late spring; and once the El Niño
had developed in mid-1997, a larger set of models was able to forecast its peak in late 1997,
and subsequent decay in late spring/early summer 1998 [Barnston et al., 1999].
In order to identify events in the model that evolve similarly to the 1997-98 event, we
compute the pattern correlation of the 36-month Hovmöller diagram of SST anomalies
(10 S-10 N) from the TAO array with 36-month-long Hovmöller diagrams computed for
every month along the first 500 years of the CM2.1 run. In the 500-yr long period, we
found four events with correlation above .88: the events of years 49-50, 131-132, 251-252,
and 264-265. Figure 22.6 shows the Hovmöller diagrams of SST and upper-ocean heat
content (10S-10N, 0-300m) anomaly for the four events, as well as that measured by the
TAO array in 1996-1999. In all events, a precursor warming of the SSTs in the western
equatorial Pacific and a weakening of the cold tongue is observed. After the peak of the
event, there is an eventual re-establishment of the cold tongue from west to east, and a
progression towards a La Niña. Event D peaks in February, but the other model events
peak in the fall (October and November). In addition, the simulated peak warming is too
far west, as is the simulated climatological cold tongue in the model. The simulated El
Niño termination begins too early in the west Pacific, and the overshoot into La Niña is
too strong. The inadequate seasonal phase-locking, the stronger than observed events, as
well as the cold tongue simulation in the model are discussed in detail in [Wittenberg et al.,
2006]. The 10S-10N simulated heat content shows an overdeepened thermocline prior to the
warm event (especially in the west), a collapse of the zonal thermocline slope at event peak,
and a gradual discharge of heat content (poleward and to the atmosphere/space) as the
SSTs develop and peak. The above are consistent with the recharge/discharge hypothesis
(see also Fig. 23e of [Wittenberg et al., 2006]).
174
CHAPTER 20. RELATIONSHIP OF PREDICTABILITY AND UNDERLYING ENSO
DYNAMICS.
The question that we would like to ask is whether these events, which are very similar in
their SST evolution, are also similar in predictability quantified by the LLEs. If not, are
the LLEs reflecting subtle di↵erences in the underlying variables? The LLEs estimated
from a finite sample from a reconstructed phase-space are typically larger than those that
may be estimated from the ”true” phase space. This is especially true if a ”fast” or noisier
state variable is used for phase space reconstruction, instead of the ”slow” variable in the
”true” underlying system. The evolution of the slow variable may be influenced by the fast
variable, and the evolution and predictability of the fast variable typically depends on the
state of the slow variable. For the current system, it may be that the LLEs estimated from
the embedding of the NINO3 state depend on the value or evolution of the slow variable,
i.e., the subsurface heat content. Possibly, the spatial mean and the spatial gradient of the
heat content determine system readjustment scales and times to a perturbation, such as a
westerly wind burst. This provides the motivation to explore how the NINO3 reconstructed
phase space (and its LLEs) map on to the phase space of the upper-ocean heat content.
The bottom panel of figure 22.7 shows the NINO3 Index for the 36-month period around
the peak of each event, with colours indicating terciles of predictability, as determined by
the LLEs. Events A and B are more predictable, while events C and D are 18% less pre-
dictable. This is a first indicator that the events are not close in the NINO3 reconstructed
phase space. Indeed, the euclidean distance between the events in the phase-space is more
than double their distance to their nearest neighbors (not shown here). Is this distance
indicating underlying dynamics of the system captured in the NINO3 re-constructed phase-
space? How does the NINO3 reconstructed phase-space relate to the phase space of the
”slow variable”, namely the heat content, which, theoretically, has more memory?





The ratio r is a measure of the propagation of information between the upper-ocean heat
content and the SST. We expect the LLEs of the ”fast” variable, the SSTa, to be larger
than the LLEs of the ”slow” variable, the heat content, so r will be less than one. A ratio
r close to one would indicate that all the memory in the heat content is ”passed on” to the
NINO3 SSTa. Conversely, a low ratio would mean that there has been a loss of information
CHAPTER 20. RELATIONSHIP OF PREDICTABILITY AND UNDERLYING ENSO
DYNAMICS. 175
between the slow and the fast variable, or an ’inadequacy’ of the reconstructed phase space
of the fast variable to fully capture the dynamics, which would be better described in the
phase space of the slow variable.
Figure 22.9 visualizes the above conceptual construction, for the four events at hand. The
heat content of event C (red dotted line) has long error-doubling times in the 36-month
period around its peak (figure 22.8a). But, for the same event, the error-doubling time of
NINO3 is much less, and the ratio r is small (mostly less than 0.5). On the other hand, the
heat content of event B has small error-doubling time, but almost 80-90% of it is ”passed
on” to the NINO3 error-doubling time (note the high ratio and the very close in value
⌧NINO3 and ⌧t300). For both events C and D, that are deemed the less predictable among
the four, the ratio r is the smallest, i.e. there seems to be a ”de-coupling” of heat-content
and NINO3 predictability.
What might be responsible for such a ”de-coupling”? Atmosphere-ocean interactions might
provide an answer, since the mapping of heat-content predictability (’slow’ variable) onto
NINO3 predictability (’faster’ variable) could be ’distorted’ by the (lack of) predictability
in the winds (’even faster’ variable). Figure 22.10 shows the error-doubling time for the
wind speed anomalies in the NINO3 region for the four events, 18 months around their
peak. The bottom panel shows the evolution of wind speed anomalies: negative anomalies
(weakening of the winds) appear at the onset of the events, are maximum at their peak,
and continue throughout their progression. As shown in the top panel, the winds, being
mostly stochastic, have very fast rates of information loss. However, for event B, where
almost 90% of the information in the heat content was propagated to NINO3, as shown in
figure 22.8, the memory in the winds is relatively high. In a sense, the error-doubling time
is a measure of the ’stochasticity’ imposed by the winds. It should be noted that part of
this signal results from the response of the winds to the SSTs. An estimate of this coupling
strength could be the regression coe cient of the wind stress ⌧u on the SSTa in the NINO3
region, equal to 8⇥ 10 3 kg
m⇥s2 degC .
The results presented above motivate the investigation of the information propagation be-
tween key components of the ENSO system (heat content, SST anomalies, winds) in other
model events. In addition, an analogous study using other GCMs with di↵erent ENSO char-
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acteristics in terms of period, frequency, and wind forcing may help formulate a hypothesis
for the mechanism responsible for the loss of information between the system variables.
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Summary and Discussion
The presence of rich ENSO variability in the long unforced simulation of GFDL’s CM2.1,
motivated the use of tools from the ergodic theory of dynamical systems to study variability
in ENSO predictability, and its possible connections to ENSO magnitude, frequency, and
physical evolution at the epochal and individual-event levels.
We used the Local Lyapunov Exponents from the monthly NINO3 SSTa output from the
model to characterize periods of increased or decreased predictability. The Local Lyapunov
Exponents describe the growth of infinitesimal perturbations due to internal variability; i.e.
they could be considered as a measure of the predictive uncertainty at any given point in
the system phase space.
Our main findings can be summarized as follows:
1. Predictability varies (multi)decadally by as much as 9-18%.
2. ’Active’ ENSO periods are more predictable than ’inactive’ ones. Also, epochs with
regular periodicity and moderate ENSO magnitude are classified as the most pre-
dictable by the local lyapunov exponents.
3. The error-doubling time is linearly related to ENSO frequency and standard devi-
ation during epochs of distinct ENSO variability. The linear relationship between
predictability and standard deviation does not hold for all 50-yr periods of the simu-
lation.
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4. The ERSST.v3 dataset, as well as the intermediate ZC model, appears to lose informa-
tion less rapidly than the unforced CM2.1 GCM. This could be revealing a discrepancy
between real-world and GCM predictability: The GCM could be more ’chaotic’ than
the real world, due to an overactive thermocline feedback, and deficient damping from
evaporation and cloud-shading, likely related to an equatorial cold tongue bias. Or,
the noise level, associated with atmospheric weather, could be higher in the GCM
than in nature. Finally, this discrepancy may arise from the in-filling techniques and
external forcings present in the historical reconstruction.
5. Events with more west Pacific heat pile-up five years prior to the El Niño events are
more predictable. Also, the thermocline starts deepening approximately four months
earlier than the onset of the SST anomalies in the most predictable events.
6. To the extent that the LLE-derived classification reflects the physical evolution of
individual events, decreased predictability seems associated with a ’de-coupling’ of
predictability between the upper-ocean heat content and the SST anomaly, perhaps
resulting from the role of the air-sea interactions. This hypothesis requires further
investigation, and could not be confirmed by the present study.
Our investigation illustrated the following big-picture questions:
1. Are century-long data su cient to draw conclusions in terms of variability in ENSO
predictability? In a related context, are century-long simulations or observations
su cient to capture ENSO dynamics?
2. Is the NINO3 SSTa variable su cient to capture underlying ENSO dynamics?
Addressing the above questions from a dynamical systems theory perspective provides only
part of the picture. Nevertheless, it o↵ers a basis for forming hypotheses to be tested in
re-forecast exercises and idealized model experiments.
With regard to the first question, we have shown that the relationship between predictabil-
ity and ENSO variance and magnitude varies with epoch. It is not obvious that such a
relationship exists when one studies the full 2000-yr simulation. This result suggests that
caution be exercised when interpreting the ENSO predictability-magnitude relationships
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based on limited records. Moreover, the reduction in the variance of the local lyapunov
exponents computed from the 100-yr versus the 2000-yr sample gives a sense of the uncer-
tainty of predictability estimates due to sampling, and suggests that long model simulations
are useful for putting the predictability inferred from the 100-yr long record into perspec-
tive.
The second question was approached by assessing the capacity of the reconstructed phase-
space of the NINO3 Index to reflect underlying ENSO dynamics. It was shown that the
classification in terms of predictability on the basis of this phase-space reconstruction is
in reasonable agreement with expectations from our physical understanding of the ENSO
system. Heat-pile up in the west Pacific five years before the event, as well as a deepening
of the thermocline three months earlier than the onset of the SST anomalies, are precur-
sors of strong El Niño events. This led us to investigate predictability of the upper-ocean
heat content, and to find that the loss of information is slower than the one in the NINO3
SST anomalies. Four events with similar SSTa evolution, but subtle di↵erences in their
heat-content evolution, were classified di↵erently in terms of their predictability. The con-
clusion from the above investigation is that, firstly, the tools we have used here seem to
be able to reasonably capture and reveal certain dynamical characteristics of the system,
even given the limitations of the Takens embedding theorem and the questions surrounding
the suitability of a single state variable in representing the system dynamics. Secondly,
the heat content anomaly (or the thermocline depth anomaly) may be a better variable
for phase-space reconstruction than the NINO3 Index, which is contaminated by climate
noise. Therefore, the real issue here is associated with the predictability gain in a ’slow’ ver-
sus a ’fast’ variable, and with the predictability gain associated with spatial and temporal
averaging.
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Figures and Tables
Figure 22.1: The NINO3 Index times series in the 2000-yr unforced simulation of GFDL’s
CM2.1. Colors indicate terciles of predictability, as determined by the LLEs, with red
being the least predictable period, orange intermediate, and green the most predictable.
Predictability decreases by about 9% on average from tercile to tercile. The shaded regions
indicate epochs of distinct ENSO variability, as per Wittenberg (2009).
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Figure 22.2: Scatterplots of ENSO standard deviation (in degrees C), period (in years),
and the error-doubling time (in months) for each epoch of distinct ENSO behavior. Stars
indicate consecutive 50-yr periods. The error-doubling time is approximated by the inverse
local lyapunov exponent.
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Figure 22.3: The probability that an event of certain magnitude be associated with a certain
tercile of predictability, in epoch a) M1, which mimics the pre-1960 observations, b) M6,
which agrees well with the post-1960 observations, c) ’active’ period M3, and d) ’inactive’
period M4. To show the number of events that belong to each tercile, the bottom panel
of each subfigure shows stacked histograms of the events. Strong El Niño events are more
predictable in epoch M6. El Niño predictability is enhanced during the ’active’ period M3
compared to the ’inactive’ one (M4).
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Figure 22.4: The NINO3 Index from the ERSST.v3 dataset. Colors indicate terciles of
predictability, with red being the least predictable, orange the immediately more predictable
(by 27%), and green the most predictable (by 44% compared to red). The shaded regions
approximate epochs R1 and R2 (pre- and post-1960, respectively), as per Wittenberg (2009).
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Figure 22.5: The pdf’s of the mean error-doubling time for a) pre-1960 observations and
their corresponding model period M1, and b) post-1960 observations and the corresponding
epoch M6. In general, the model seems less predictable than nature. The gray lines refer to
the full 2000-yr long CM2.1 simulation (dashed) and the full 100-yr record (solid). The gray
long-dashed line refers to the 100-yr record after removal of a 20-yr running mean. The black
dotted line refers to randomly selected 100-yr samples from an unforced 150,000yr-long ZC
simulation.
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Figure 22.6: The di↵erence of the composite 120-month Hovmöller diagrams of SST and
upper ocean heat content anomalies for the events classified as more (green) or less (red)
predictable. Stippled areas denote statistical significance based on bootstrapping. The SST
di↵erence plot is also field-significant at the 75% level, while the heat-content di↵erence
plot is field-significant at the 97% level. Note the heat pile-up in the west Pacific five years
prior to the event, and the associated cold anomalies in the east Pacific.
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Figure 22.7: a) SST and b) thermocline depth anomaly within 36 months of the peak of
the green (most predictable) and red (least predicable) events. Light green and red lines
show individual events, while thick lines are their composite.
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Figure 22.8: The Hovmöller diagrams of four events in the CM2.1-1860 simulation that
evolve in a similar way with the 1997-98 event (shown in the rightmost plots). The upper
panel shows the SST anomalies averaged in the 10 N-10 S Pacific, the middle panel shows
the upper-ocean heat content in the same region, and the bottom panel shows the NINO3
time series, with colors indicating terciles of predictability as determined by the LLEs.
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Figure 22.9: A sketch of the hypothesis to explain the di↵ering predictability between the
four ’1997-98-like’ events in CM2.1. The figures show error-doubling times within 18 months
from the peak of the four events. Colors indicate terciles of predictability. The ’slow variable’
(heat content) has longer error-doubling time (leftmost plot), part of which (middle plot) is
propagated to the ’faster variable’, i.e. the NINO3 SSTa(rightmost plot). The events that
are classified as less predictable (C and D), have the lowest ratio of heat-content to NINO3
error-doubling time.
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Figure 22.10: The error-doubling time for the wind speed anomalies in the NINO3 region
within 18 months of the peak of each event. The error-doubling time of the winds could
be considered as a measure the ’distortion’ of heat-content predictability due to the air-sea
interaction, which results in the shorter NINO3 error-doubling times in figure 22.9. The
bottom panel shows the actual wind speed anomalies: negative anomalies (weakening of
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Chapter 23
Conclusions
The real voyage of discovery consists not in seeking new landscapes
but in having new eyes.
Marcel Proust (1871-1922)
23.1 General contributions
Using methods from dynamical systems theory in observations, low-order and general cir-
culation models, this study explored (a) the response of midlatitude jet and eddy energy to
climate change and variability, and (b) variability in ENSO predictability of the first kind.
This study developed a framework to diagnose model sensitivity and biases in the relation-
ship between surface temperature gradients, jet and eddy energy and ENSO. This framework
can guide model intercomparison studies, hierarchical and parameter-space model studies
to assess the sources of GCM behavior.
In addition, it was illustrated that viewing GCM projections through the joint probability
of key circulation variables (a) informs as to changes in the mean and the extremes of cir-
culation regimes associated with weather, and (b) provides insights into the predictability
and uncertainty of the response of midlatitude circulation to climate variability and change.
Finally, it was shown that the analysis of a physically meaningful ”reduced space” of cli-
mate from a dynamical systems perspective can provide a focused interpretation of GCM
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projections for climate change, and ENSO evolution and response.
In the first part of this study, the statistics of midlatitude circulation were examined in
relation to (a) decreases in surface temperature gradients, and (b) ENSO phases. For this
purpose, we investigated the probability density function of the North Atlantic jet stream
and storm track, which is a static representation of the midlatitude atmosphere’s attractor.
We saw that small changes in the surface temperature gradients, of the order observed in
the 20th century, are associated with poleward shifts of the jet stream, and a weakening of
its subtropical flank. On the other hand, the changes of the probability density function in
response to El Niño show an equatorward shift and strengthening of the jet stream. The
projected decreases in the equator-to-pole surface temperature gradient are one order of
magnitude larger than the ones observed in the 20th century. For the ocean-land contrast,
the projected decreases are of the order observed in the 20th century. Given the projected
decreases in the surface temperature gradients, and considering that the midlatitude at-
tractor will eventually equilibrate to the statistics of the gradients, one would expect to
see poleward shifts of the subpolar jet, and weakening of the subtropical jet. However, in
the models examined here, the projected shifts in the pdf of the N. Atlantic jet and eddy
energy are more consistent with the shifts seen in response to El Niño events. The models
show both a slight poleward shift and strengthening of the subpolar jet and the Atlantic
storm track, and a strengthening of the subtropical jet. This could be explained as a re-
sponse of the subtropical jet to the projected trend towards and ”El Niño-like” SST pattern
in the tropical Pacific. Therefore, the results presented here hint towards a separation of
the North Atlantic jet, where the eddy-driven jet and the storm track strengthen and shift
poleward, while the subtropical jet also strengthens but shifts equatorward in response to
an ”El Niño-like” SST pattern in the tropical Pacific.
Superposed on the mean state of the pacific, El Niño events would have an additional
impact on the statistics of midlatitude atmosphere. While there is model consensus on a
warming trend in the tropical Pacific, possible changes in ENSO frequency and amplitude
is an open question [Fedorov and Philander, 2000; Meehl et al., 2007; Collins et al., 2010].
From an information theory viewpoint, ENSO predictability could propagate to midlatitude
predictability via its extratropical teleconnections. This propagation of information is ef-
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fectively concerned with the coupling of the slower manifold (ENSO) to the faster manifold
(midlatitude atmosphere).
Taking the above into consideration, it is of interest to assess ENSO predictability in the
absence of external forcings, which would give an estimate of the ”natural” predictability of
the phenomenon. To that end, the second part of this study examined ENSO predictability
in a pre-industrial GCM simulation, which is free of any external forcings, such as volcanic,
solar of GHG forcings that could enhance ”natural” ENSO predictability. The results show
regime-like behavior in predictability along the 2000-yr long simulation. They also illustrate
the uncertainties in predictability estimates that are based on short records or model runs.
In a case study of analogues of the 1997-98 ENSO event, enhanced predictability was found
to emerge from the structure of underlying ENSO variables, such as the upper-ocean heat
content, while decreased predictability was found to be associated with the stochasticity of
winds. Finally, comparing predictability of the fully-developed GCM with the observational
record and with an intermediate model of the tropical Pacific (ZC) showed that the GCM
is less predictable than nature and simpler models. Hence, the GCM seems more sensitive
than nature, and than a model (ZC) that has been shown to be chaotic, indicating that some
fundamental aspects of ENSO behavior are not well captured even in a model like GFDL’s
CM2.1, which has given one of the better representations of ENSO among state-of-the-art
GCMs.
23.2 Perspectives
This study illustrated, inter alia, the impact of ENSO on the statistics of midlatitude
atmosphere, as well as the uncertainty associated with ENSO due to natural variability.
Whether future ENSO will have altered frequency and amplitude, and how this will a↵ect
its extratropical teleconnection patterns is under investigation [Meehl et al., 2007; Collins
et al., 2010; Fedorov and Philander, 2000]. In addition, whether in a future climate El Niño
SST anomalies will be concentrated in the central rather than the eastern equatorial Pacific
is still an open question [Yeh et al., 2009; Lee and McPhaden, 2010].
Based on the insights o↵ered in the present study, the following hypothesis is formed:
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The regime persistence and predictability properties of midlatitude atmosphere, i.e. the
properties of the midllatitude atmopshere’s attractor, change in response to:
(a) periods of increased or decreased ENSO activity with di↵erent irregularity characteris-
tics.
(b) di↵erences in the timing of the ENSO peak SST anomalies. How is the seasonal locking
of ENSO a↵ecting the regime-like behavior of midlatitude atmosphere?
(c) central vs. eastern Pacific El Niño. Does the location of peak tropical SST anomalies
influence the persistence of the latitudinal shifts of the jet stream and the location and
duration of blocking phenomena in the mid-latitudes?
(d) duration of El Niño conditions. How are prolonged ENSO phases, like the so-called
”double-dip” La Niñas, mapping onto blocking and persistent latitudinal shifts of the
jet stream?
Unless there is an investigation of the potential e↵ect of the di↵erent types of ENSO on the
persistence and predictability characteristics of the mid-latitude atmosphere, any conclu-
sions on future changes in these mid-latitude properties will bear an additional uncertainty
due to not considering the ENSO impact.
Hence, a systematic observational and modeling investigation of the persistence and pre-
dictability of midlatitude circulation features in response to di↵erent types of ENSO in the
current climate and in future climate scenarios is proposed. Such a study will use observa-
tions, and a hierarchy of models: from idealized coupled models to intermediate GCMs, to
the CMIP5 coupled GCM experiments.
23.2.1 Key concepts
The problem of the impact of GHG-induced large-scale SST changes, and that of ENSO-
induced tropical SST anomalies on midlatitude predictability can be seen as a problem of
coupled ’slow’ and ’fast’ manifolds operating at time scales from subseasonal (for the jet
stream and eddies) to interannual to decadal (for ENSO) to centennial (for the hemispheric
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temperature gradients a↵ected by climate change). As discussed in[Legras and Ghil, 1985],
normal and blocked atmospheric flow are likely to be represented by weakly separated
regions in the atmospheres state-space. Each region in the state-space has its own stability
and persistence characteristics, which may depend on the interaction between the slow and
fast manifolds (i.e. the climate change, ENSO, and midlatitude components), consistent
with the Charney & DeVore theory [Charney and DeVore, 1979]. According to this theory,
blocking is associated with the occurrence of multiple stationary or oscillatory equilibrium
states for a given external forcing. Furthermore, the work of [Jain, 1998] suggests that
spatially and temporally varying external forcing is responsible for the progression of the
atmospheric circulation system from one type of attractor to the other, each one having
distinct persistence and predictability characteristics (e.g. from a strange attractor during
the winter to a limit cycle during the summer). Di↵erent types of ENSO in terms of
irregularity, location of peak SST anomalies, seasonal locking etc represent di↵erent types
of spatially- and temporally-varying external forcing. These ideas call for a study to better
identify and understand the potential contributions of the di↵erent types of ENSO on the
predictability properties of midlatitude atmosphere.
23.2.2 Future work
The observational and hierarchical modeling study that is proposed will systematically
investigate which specific features of ENSO are responsible for distinct responses of the
persistence of midlatitude circulation regimes. Do ENSO irregularity, seasonal locking,
stability, and pattern of SST anomalies (central or eastern pacific El Niño) influence the
persistence and predictability properties of midlatitude circulation regimes? The study will
assess the sensitivity of midlatitude regime behavior to a range of ENSO behavior. This is
a critical point in assessing future changes in mid-latitude circulation, given the uncertainty
in the projections of future changes in the aforementioned ENSO properties. The results
can be translated into an assessment of the probability and spatial structure of extratropical
droughts and floods, which is central for operational predictions and risk assessment studies.
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23.2.2.1 Observational analysis
This analysis will use observational and reanalysis datasets from the Tropical Atmosphere
Ocean (TAO) project, the Kaplan Extended SST anomaly, the NOAA ERSSTv3, and the
20th Century Reanalysis, ERA-Interim, MERRA, and JRA-25 datasets.
The definition of the zonal index in [Gerber and Vallis, 2007] and the approach of [Barnes et
al., 2011] to identify blocking in the reanalysis datasets will be adopted. Methods from the
ergodic theory of dynamical systems (e.g. Lyapunov exponents), and entropy and mutual
information theory will be employed (e.g. see [Karamperidou et al., 2012b; Karamperidou
et al., 2012a]) to study the persistence properties of the mid-latitude atmospheric regimes
in relation to:
(a) ”active” and ”inactive” ENSO periods, such as the 1900-1940, 1940-1970 and post-1970
periods.
(b) the timing of the onset and peak of the tropical SST anomalies.
(c) the location of the peak SST anomalies (central vs. eastern Pacific El Niño).
(d) the duration of El Niño conditions (e.g ”double-dip” La Niñas).
The multiple realizations of the 20th century Reanalysis in the Ensemble Kalman Filter
provide an additional framework for testing the above hypotheses.
The analyses of the persistence and predictability properties of the regimes of mid-latitude
atmospheric flow can be extended to estimating the probability structure of floods and
droughts resulting from these regimes that are associated with di↵erent types of ENSO.
23.2.2.2 Tropical-extratropical teleconnections and predictability in models.
The relationship of ENSO frequency, amplitude, irregularity and location of peak SST
anomalies with the persistence of the zonal, annular mode, and NAO indices and the fre-
quency of blocking, will be analyzed using:
(i) simulations from a simplified atmospheric GCM, namely the International Centre
for Theoretical Physics (ICTP) AGCM [Molteni, 2003] forced with observed SSTs,
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and with SST statistics computed from the CMIP5 archive, in order to study the
dependence of the mid-latitude properties on ENSO parameters.
(ii) the CMIP5 pre-industrial, 20th century, and 21st century experiments.
A model intercomparison study will test the GCM behavior against the observations.
Additional analysis using methods from the ergodic theory of dynamical systems (e.g. Lya-
punov exponents) will assess ENSO irregularity and stability, and their impact on the
predictability properties of mid-latitude circulation in the long pre-industrial runs of the
CMIP5 archive.
For example, figure 23.1 shows the probability density function of the error-doubling time
of small perturbations of the NINO3 Index in the CMIP3 pre-industrial runs, computed us-
ing Local Lyapunov Exponents. Each model has a di↵erent ENSO in terms of periodicity,
seasonal locking, location of peak SSTs, amplitude, decadal variability etc.
1. Which of these ENSO properties are setting the predictability characteristics shown
in figure 23.1?
2. Are these ENSO predictability characteristics propagated to the persistence and pre-
dictability of the resulting regimes of midlatitude flow?
Such a propagation of predictability can be considered as a measure of the type and strength
of the tropical-extratropical teleconnection that each model simulates.
Finally, in order to identify the basic processes that are important for ENSO impact on
the persistence and predictability of midlatitude circulation features, a modeling study to
link the GCM behavior to the concepts, theories and behavior of simpler models is also
proposed. A parametric study is proposed to explore whether the GCM behavior identified
in the above-described analyses can be seen in simple models for a range of parameters and
stochastic forcing.
This task will involve low-order coupled ENSO-midlatitude of increasing complexity: e.g.
the very simple ENSO-forced Lorenz-84 model used in Part I of this dissertation [Karam-
peridou et al., 2012b], and the more complex three-level QG model of [Marshall and Molteni,
1993] coupled to the Zebiak-Cane model [Zebiak and Cane, 1987].
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The question that will be addressed here is whether specific regions in the parameter phase
space of a single model with simplified physics correspond to the range of behavior seen
in ENSO and its mid-latitude teleconnections across the simplified GCMs (ICTP AGCM,
CAM, CCSM4) and the fully-developed GCMs. The insights from this parametric model-
ing exercise will be a tool for addressing the sensitivity of the predictability properties of
midlatitude circulation to ENSO characteristics, and establish a framework through which
the observational and GCM results can be better understood.
23.3 Final remarks
The source of persistence and predictability of midlatitude atmospheric regimes is a critical
issue in atmospheric dynamics. The implications for forecasting of weather phenomena with
great economic and societal impacts, such as floods and droughts, highlight the importance
of better understanding the response of midlatitude circulation to climate change and vari-
ability. The response of the persistence of midlatitude atmospheric regimes to GHG-induced
warming is the focus of numerous studies. However, the response to the prominent feature
of climate variability, ENSO, is less well understood, especially given the range of ENSO
behavior in observations and in models, and the potential changes in ENSO properties due
to climate change. This dissertation investigated the probability structure of midlatitude
circulation, i.e. properties of the midlatitude atmosphere’s attractor, in relation to small
and slow changes (climate change time scales) in surface temperature gradients, and in
response to ENSO phases (interannual-to-decadal time scales). In addition, this work ex-
amined ENSO predictability, and its relation to ENSO frequency, amplitude, and physical
evolution. Finally, this study illustrated that the analysis of key features of tropical and
extratropical climate in a physically meaningful ”reduced space” can provide a focused in-
terpretation of GCM projections for climate change and variability. The results motivate
the investigation proposed in this final section. This investigation aims to systematically
assess the sensitivity of the persistence and predictability properties of the midlatitude
atmospheric regimes to di↵erent types of ENSO under current and projected climate con-
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ditions. As a result, the observational analyses and hierarchical modeling that is proposed,
in conjunction with the results presented in this study, will provide a tool for assessing the
impact of projected ENSO changes on the probability of extreme weather phenomena in a
changing climate.
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Figure 23.1: The probability density function of the error-doubling time of small perturba-
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Appendix A
Data and Methods of Part I
A.1 Data
The data used for EPG and OLC calculations are monthly Northern Hemisphere data
from the variance-adjusted version of HadCRUT (temperatures span 2.5 N to 72.5 N and
are averaged over all longitudes); see [Brohan et al., 2006]. Figures 22.4 and 22.6 use
NCEP/NCAR reanalysis data [Kalnay et al., 1996], spanning the period 1949-2010. The
NINO3 index is from [Kaplan et al., 1998; Reynolds et al., 2002]. Maps are provided by
the IRI Data Library and the NOAA/ESRL Physical Sciences Division, Boulder Colorado
from their Web site at http://www.esrl.noaa.gov/psd/.
Smoothing of the EPG and OLC time series is done using LOESS with a span of 1/10 of
the length of the record in each case.
A.2 Equator-to-Pole temperature Gradient (EPG)
The gradient is calculated according to [Jain et al., 1999].








where (·) represents the zonal average, j = 1, · · · , n is the longitude index, i = 1, · · · ,m
is the latitudinal zone index for m latitude zones, and t = 1, · · · , 12 is the calendar month
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index. The gradient results from weighted least squares regression, with weights given by






In matrix notation, if y is the temperature per latitude, X is the vector of latitudes, and
W is the vector of weights, given by equation A.2, then weighted least squares regression
is given by equation A.3:
XTWy = XTWX (A.3)









where the subscript s denotes the season. The EPG is expressed in  C( lat) 1.
A.3 Ocean-Land temperature Contrast (OLC)
The monthly OLC is is obtained by averaging ocean and land temperatures over all lon-
gitudes, as in equation A.1, taking their weighted average over each latitudinal zone, and,
finally, subtracting the land values from the respective ocean values. For each latitudinal






The average seasonal OLC is computed as the average of the corresponding three monthly
OLC values, as in equation A.4. The OLC is expressed in  C.
A.4 The L84 model and parameter estimation
The L84 model addresses certain characteristics of extratropical circulation, namely a mean
zonal westward wind caused by the equator-to-pole thermal gradient and by the earth’s
rotation, and the superposed eddies, which transport mass, energy, and momentum, as
driven by the Equator-to-Pole thermal Gradient and the Ocean-Land temperature Contrast
(EPG and OLC).
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The Lorenz equations (equations A.6 to A.8) can be derived from the two-layer quasi-
geostrophic model [Holton, 2004], via a truncated Fourier series expansion plus a Galerkin
projection, and a further reduction to a linearized 3D invariant manifold [van Veen, 2003].
Ẋ =  Y 2   Z2   ↵X + ↵F, (A.6)
Ẏ = XY   bXZ   Y +G, (A.7)
Ż = bXY +XZ   Z, (A.8)
where
F = F0 + F1cos(!↵t), and G = G0 +G1cos(!↵t). (A.9)
X denotes the intensity of a large-scale westerly wind current (i.e. the jet stream), and also
the geostrophically equivalent large-scale poleward temperature gradient that is assumed to
be in equilibrium with it. Y and Z represent the amplitude of the cosine and sine phases of
a chain of superposed eddies, which transport heat poleward at a rate proportional to the
square of their amplitude, and transport no angular momentum. The nonlinear terms XY
and XZ represent amplification of the eddies through interaction with the jet stream, at the
expense of the latter, as indicated by the terms  Y 2 Z2 in equation A.6. The terms  bXZ
and bXY represent displacement of the eddies by the jet stream; for a coe cient b greater
than unity, the displacement occurs more rapidly than the amplification. The linear terms
represent mechanical and thermal damping; for a coe cient ↵ less than unity, the westerly
current damps less rapidly than the eddies. The terms ↵F and G (equations A.9) represent
symmetric and asymmetric thermal forcing, respectively, and vary with the annual cycle
of solar radiation, changes in regional albedo, and alterations in energy exchanges. In the
absence of coupling between the mean zonal wind and the superposed eddies, the former
should approach a damped EPG (represented by F), and the latter should approach OLC
(represented by G).
The F and G parameters are computed as follows: We assume that the typical values pro-
vided by [Lorenz, 1984] of Fw = 8, Gw = 1 and Fs = 6, Gs =  1 for winter and summer,
respectively, correspond to the mean values of EPG and OLC for DJF and JJA. For OLC,
we consider the mean value of the latitudinal zone 40 N 60 N . We set equations A.9 equal
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to the corresponding values for winter and summer for each year, and solve the system of
equations to get the input values for F0,F1,G0 and G1 for the model, as shown in table 6.1.
The values proposed by [Lorenz, 1984] of ↵ = 0.25 and b = 4.0 were used. All simulations
were sampled at a 5-day time step.
We note that the model has been extensively studied ([Lorenz, 1990; Broer et al., 2002;
Freire et al., 2008] among others), and its coupling to models of the thermohaline circula-
tion and ENSO, through their modulation of the EPG and OLC, has also been pursued.
[Roebber et al., 1997] compare the results of the L84 model forced by prescribed SSTs
to those of a coupled atmosphere-ocean model, which comprises the L84 model and the
heuristic model of ENSO discussed by [Tziperman et al., 1994]. Based on the substan-
tial di↵erences in the results between the forced and the coupled model, the authors argue
that caution should be assumed when interpreting the results of forced higher-order mod-
els. Earlier, [Roebber, 1995] also proposed a coupling of the L84 model to a Stommel-like
ocean box model. [van Veen et al., 2001] follow up on the analysis by Roebber, and in-
vestigate in detail the dynamics of the model, showing that whether the ocean is passive
or active depends on small changes in the coupling parameters. The work by [van Veen
et al., 2001] illustrates how low order models can be used to assess the feedback between
the two subsystems, and, thus, gain a better understanding of the underlying physics of
climate models. In a similar context, [Jain, 1998] used a range of low-order climate models,
including the L84, for tropical-extratropical interactions to develop insights into the nature
of midlatitudinal circulation and the associated global teleconnections via investigation of
the quasi-periodicity, intransitivity, and chaotic dynamics exhibited in the models. The
study suggests that inferences drawn by such simple models can ”serve as guidelines for a
choice of key parameters in complex models, development of suitable parametrization for
key processes and arriving at reasonable hypotheses to be tested on sophisticated models.”
In a recent paper, [Roebber, 2009] presents an application of the L84 model to the study of
irregular cyclogenesis and blocking over the North Atlantic, and illustrates how the intuition
o↵ered by the low-order model provides a basis for organizing observational analyses.
All these studies use idealized values of the forcing terms (the EPG and OLC), following the
suggestions in the original paper by [Lorenz, 1984]. Such analyses of low order models have
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been impressive in their ability to o↵er interpretations of the underlying behavior without
losing quantitative rigor [Lorenz, 1982; Simonnet et al., 2009], including educational inter-
pretations of how anthropogenic warming may change the frequency of circulation modes
[Palmer, 2005; Palmer et al., 2005].
A.5 The coupled L84-ENSO model and parameter estima-
tion
The L84 equations are coupled with a single-equation model of ENSO, following the work by
[Roebber et al., 1997]. The ENSO model (equations A.10 and A.11, [Tziperman et al., 1994]
after [Munnich et al., 1991] after [Cane and Zebiak, 1985]) includes a Kelvin wave, a Rossby
wave mode, a dynamic link from mid-Pacific wind stress anomalies to the aforementioned
wave modes, and a phenomenological seasonal forcing term, which represents the e↵ects
of seasonally varying features of the equatorial Pacific ocean and atmosphere. The model
allows the system to enter into nonlinear resonance with the seasonal cycle at several periods
of the oscillators, and, thus, the authors argue that nonlinearity could explain the irregular
occurrence and partial locking to the regular seasonal cycle of El Niño. The thermocline
depth anomaly in the eastern equatorial pacific is denoted by h; t is time, L is the basin
width, and !↵ is the annual frequency of the idealized seasonal forcing. The first term
on the rhs represents a wind-forced Kelvin mode that travels at a speed CK , the second
term is due to the westward-traveling Rossby wave of speed CR excited by the wind at
time t   [L/CK + L/(2CR)] and reflected as a Kelvin wave. The nonlinear function A(h)
relates wind stress to SST and SST to thermocline depth, and reflects the non-uniform
stratification of the ocean. The slope of A(h) at h = 0, set by the parameter , is a measure
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(A.11)
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We employ the one-way linkage between the L84 equations and the ENSO model shown in
equations A.12 to A.14, which represents the direct influence of El Niño on jet stream and
eddy strength through atmospheric pathways.
Ẋ =  Y 2   Z2   ↵X + ↵ [F0 + F1cos(!↵t) + anxT±tanh (c±h (t  tX))] (A.12)
Ẏ = XY   bXZ   Y +G0 +G1cos(!↵t) + anyT±tanh (c±h) (A.13)
Ż = bXY +XZ   Z (A.14)
We explore two di↵erent coupling approaches, motivated by the observational analysis in
chapter 3: (a) delayed forcing of the mid-latitude mean zonal wind (X) by ENSO through
EPG: anxT±tanh (c±h (t  tX)), and (b) forcing of the mid-latitude eddies (Y,Z) by ENSO
through the OLC: anyT±tanh (c±h).
The term T±tanh (c±h (t  tX)) represents the tropical SST anomaly, where the parameters
T+(T ) and c+(c ) are associated with positive(negative) thermocline depth anomalies (h)
given by equation A.10. We consider two months for the lagged response of mid-latitude
circulation to the tropical Pacific conditions (tX = 2), based on the cross-correlation be-
tween the NINO3 index and the EPG. Figures 6.6 and 6.7 show that the e↵ect of ENSO
on EPG and OLC exhibits strong seasonality. In this model, the coupling coe cients anx
and any do not vary seasonally, therefore, the above-mentioned seasonality is expressed
only via the seasonal changes in the ENSO signal amplitude represented by the ENSO
model. Regression of the EPG and OLC time series on the NINO3 record, provides
coupling parameters anx = 0.00513 and any =  0.184. The F and G parameters are
computed in such a way that the terms [F0 + F1cos(!↵t) + anxT±tanh (c±h (t  tX))] and
[G0 +G1cos(!↵t) + anyT±tanh (c±h)] equal the summer and winter values of F and G,
respectively. The values of all other parameters, which are adopted from [Lorenz, 1984],
[Tziperman et al., 1994], [Munnich et al., 1991], and [Cane and Zebiak, 1985], are given in
table 6.2.
A.6 Significance test of bivariate pdf changes
In order to assess the significance of the di↵erence between 20-yr periods of the joint pdf of
EPG and OLC, presented in chapter 3, we perform the following significance test:
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The null hypothesis is that any random 20-yr sample from the record is drawn from the same
population. We consider two random samples i and j from the EPG and OLC record, both
of length n = 20 years. We estimate the joint probability density function fi(EPG,OLC)
using local polynomial estimation locfit [Loader, 1999]. We define Lij as the likelihood that






If the likelihood Lij is high then the two samples belong to the same underlying population.
Conversely, if it is low, then the null hypothesis of the common generating mechanism would
be rejected.
This observation suggests that a one-sided significance test that assesses whether Lij > La,
where La is the ath percentile of the sampling distribution of Lij , is needed. In order to
determine the significance level, we calculate the likelihoods Lij of randomly drawn 20-yr
samples 1000 times and define the significance level to be the 10th percentile of the likelihood
values obtained from the 1000 experiments, namely 0.45.
For each one of the 20-yr periods shown in figure 6.5, we compute the likelihood Lij of its
belonging to the same population as any of the other 20-yr periods, and show the results
in table 6.3. Under the null hypothesis that samples i and j are generated by the same
process, both Lij and Lji should be above the significance level. Bold numbers indicate
the values that are below the significance level, i.e. fail the test and indicate that the two
joint pdf’s are distinguishable and could not come from the same population. The results
indicate that the pdf’s in the first half of the century are significantly di↵erent from the
pdf’s in the second half.
We performed the same test to estimate the significance of the changes in the pdf of EPG and
OLC with respect to ENSO events. Table 6.4 shows the likelihood estimates; bold numbers
indicate that the two pdf’s could not be drawn from the same population at the 10%
significance level. The results indicate that the pdf during El Niño events is significantly
di↵erent from the pdf’s during La Niña and neutral years. The similarity of the pdf’s
between La Niña and neutral events is to be expected given that La Niña conditions are
closer to the normal state of the equatorial Pacific.
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Appendix B
Appendix to Part II
B.1 Univariate pdf’s
In this section we o↵er a set of figures that facilitate the comparison between the changes
in the leading EOFs of the jet and eddy energy in association with a) decreasing surface
temperature gradients, and b) ENSO phases. For all cases, the sample size is given in table
15.11.
B.1.1 Reanalysis
Figure B.1 shows the shifts in the univariate pdfs of the leading PCs for weak minus strong
surface temperature gradients in the left panel (a-d), and El Niño minus La Niña in the
right panel (e-h).
The strength of the jet (jet energy PC-1) is associated with changes in the strength of the
surface temperature gradients, rather than with ENSO, as seen in the comparison of figures
B.1a and e.
With regard to latitudinal shift of the jet, comparing figures B.1b and B.1f, we note that
the probability mass is moving slightly poleward in the case of weak gradients, while there
is a clear equatorward shift in the El Niño case.
The changes in the pdf of the eddy energy PC-1 (eddy intensification) are not significant
for either the gradients or the ENSO phases. Following the significance of the jet shifts, the
eddy shifts (eddy energy PC-2) are also significant.
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With the exception of the jet intensification and shift, the changes in the univariate pdf’s
shown here are not as big as the ones found in the models. Nevertheless, it is found that the
changes associated with strong gradients, are in the direction of the changes for El Niño,
which is consistent with a strengthening of the equator-to-pole gradients resulting from a
warming in the tropics during an El Niño. On the contrary, the shifts of the pdf’s associated
with weak gradients are in the same direction as in response to La Niña, which acts as a
cooling of the tropical zone. Equivalently, one could think of this as consistent with the idea
that the response of the jet and eddies to global warming, when the surface temperature
gradients are decreasing, is in the opposite direction than the response to El Niño.
B.1.2 GCMs.
In this section, we show the univariate pdf’s of the leading EOFs of the jet and eddy
energy for the 20th and 21st century model simulations for a) weak and strong surface
temperature gradients, and b) El Niño and La Niña. All indications of significance are
based on the results given in tables 15.3 and 15.4.
CanESM2
Figure B.2 shows the pdfs for each PC of the jet and eddy energy in the 20th and 21st
century, for strong and weak surface temperature gradients.
For the jet (figures B.2 a,b,e,f), the sensitivity to the temperature gradients is stronger in
the RCP8.5 scenario. For the eddies, the sensitivity to decreasing gradients is not significant
in the 20th century, but is more pronounced in the RCP8.5 scenario. The significance of
changes in response to decreasing EPG and OLC is presented in table 15.3. The p-values
are well below 0.05 only with regard to the jet energy in the 20th century simulation. In
the RCP8.5 simulation the changes in the univariate pdfs shown in figure B.2 are significant
for both the jet and the eddies.
Figure B.3 shows the pdf’s for each PC of the jet and eddy energy in the 20th and 21st
century, for El Niño and La Niña. For El Niño, the jet strengthens and shifts equatorward,
at the opposite direction to the response seen in figure B.2 for weak gradients. Another
interesting feature is that the model is more sensitive to ENSO in the 21st century (compare
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significance in the left vs. right panel), even though, as discussed in section 10.3, ENSO
has decreased variability in the 21st century projection of CanESM2.
GISS
As before, the GISS model shows an intensification and equatorward shift of the jet and
eddies in association with strong surface temperature gradients (figure B.4).
As can also be seen in table 15.3, only the changes in the jet energy (intensity and shift)
are significant in the 20th century, and only the change in jet intensity is significant in
the 21st century. This lack of sensitivity in the GISS model in the 21st century could be
associated with the fact that the model is biased towards an equatorward jet. Nevertheless,
the changes in the joint pdf’s discussed in section 11.1 are significant in both centuries,
indicating possible changes in the jet/eddy interactions and the relationship between the
jet strength and location.
Figure B.5 shows the univariate pdf’s for El Niño and La Niña. Significant response is
found for jet intensification and shift, and eddy shift in both centuries. As in reanalysis,
the response to El Niño resembles the changes for strong gradients, while the response to
La Niña is analogous to the changes for weak gradients.
NorESM1-M
NorESM1-M show changes in all univariate pdf’s in the 20th century, but only for jet and
eddy shifts in the 21st century (figure B.6).
The univariate pdf’s in response to ENSO phases is given in figure B.7. The El Niño
response is analogous to the response for strong gradients, as was found in reanalysis.
B.2 Seasonality
Figure B.8 shows the barplot of the number days by month in each tail (strong and weak
gradients) for the 20th and 21st century. In general, the high tail (strong gradients) corre-
sponds to January, and the low tail (weak gradients) to January. Therefore, the comparison
between the 20th and 21st century join pdf’s is indicative of a changes in the seasonality of
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the winter jet. Only CanESM2 is an exception in the 21st century (RCP8.5).
We show in figure B.9 the leading EOF structures after removing daily seasonality from the
jet energy data (u2250). The leading EOFs describe a signal reminiscent of the North At-
lantic Oscillation (NAO); they describe the shifting and strengthening near the core of the
jet. Figure B.10 shows the joint pdf of PC-1 and PC-2, which shows increased variability
during the winter contracts during the summer. A study of the leading EOF structures of
such an analysis would address a di↵erent issue than the one pursued here.
B.3 ENSO in the models.
In this section we present the detailed wavelet power spectrum analysis for the GCMs, in
their 20th and 21st century runs, for reasons of completeness.
CanESM2
CanESM2 has a sharp spectral peak at 4 years, which is inconsistent with the broad spec-
trum of ENSO in nature. Figure B.11 shows some decadal variability; after 1970, the
spectrum broadens, and includes significant 2-8 year variability (see figure B.11b and d).
In the 21st century, ENSO variability is projected to decrease (also see figure 15.22) from
1.05  C2 to 0.8675  C2. The spectral peak becomes even sharper, and decadal variability
is absent, as seen in the continuity of the 4-yr spectral power in figure B.12b, and in figure
B.12d.
GISS E2-H
The GISS E2-H model has weaker ENSO, with variance of 0.2374  C2, and a broad spectrum
at 3-6 years. At the short periods it exhibits decadal variability, as seen in figure B.13.
ENSO period is decreasing in the 21st century projection, while ENSO variance is increasing
to 0.2876  C2 (see figure 15.22).
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NorESM1-M
NorESM1-M has an ENSO with variance of 0.8561  C2 and a spectral peak at 3-4 years,
and considerable decadal variability (figure B.15) in its 20th century simulation. The 21st
century run starts with a few very strong events and continues with decreased ENSO vari-
ability (0.6526  C2), a broader spectrum (3-7 years) and the absence of a pattern of decadal
variability.
B.4 Statistical Significance Tests
We describe the generalization of the significance tests performed in Part II of this thesis.
The method proposed here aims to test statistical significance of shifts in distributions of
climate variables in observations and across models. It is a variation of the test described
in Appendix A.6, which was applied for the changes in the joint {EPG,OLC} pdf of Part
I of the thesis. Here, we generalize the method to allow for usage for multiple objectives,
including model inter-comparison.
B.4.1 Objectives
The use of univariate probability density functions to assess changes in the mean and the
extremes of climate variables (temperature, precipitation) is a common practice. In addi-
tion, intercomparison studies for assessing model skill use univariate measures, depending
on the features of the variable/phenomenon they are studying. For example, for ENSO it
is of interest to compare the spectral characteristics of the simulated phenomenon across
models and between models and the observed record.
However, in the climate system it is more common than not for a combination of factors
to play an important role in the initiation and development of climate phenomena. Vari-
ous indices capture such conditional relationships. Examples can be found though where
the joint probability distribution of multiple variables would be an appropriate measure
for assessing these multivariate relationships and their changes. Detecting statistically sig-
nificant changes in the multivariate pdf’s in their, usually, short records is important for
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understanding and attributing these changes. In addition, a multivariate measure of the
relationship between interacting climate variables is useful for assessing model skill.
In this section we propose a general multivariate test statistic that allows for comparison
between multivariate samples from GCM output or observations. This statistic aims to
address the following questions:
1. Climate data often exhibit apparent epochal variations, e.g., bi-decadal or longer vari-
ations. Can we test the null hypothesis that the multivariate data from two separate
time periods correspond to the same underlying joint probability distribution?
2. Investigators often consider composites (or conditional averages) of climate variables
corresponding to samples for specific conditions (e.g., ENSO phase, extreme floods
or droughts). Do the multiple climate variables thus composited constitute a sample
that is statistically di↵erent from the multivariate data not included in the composite
(e.g., the opposite or neutral condition)?
3. How well does a GCM simulation of the 20th century correspond to the data on mul-
tiple variables recorded during the 20th century? Is the joint probability distribution
of the multiple variables implied by the GCM simulation consistent with that implied
by the historical data on the same variables?
4. Is one GCM representation of the historical data on multiple variables superior to that
of a di↵erent GCM? Can we use a metric of performance of each GCM to develop a
strategy to optimally combine di↵erent GCMs for future projections?
The central statistical issue highlighted in the questions above is the need to a) develop a
test for the null hypothesis that two multivariate samples correspond to the same underlying
generating process or joint probability distribution, and b) develop a data-driven metric of
how di↵erent the joint distribution of a set of variables estimated from one sample is from
a second sample of the same variables. The samples could come from GCM simulations
and observations if one wants to perform a model intercomparison study, or from di↵erent
periods of the record if one wishes to assess the statistical significance of epochal variations
in the multivariate distributions at hand.
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This section is organized as follows: First we develop the proposed metric, and o↵er an
algorithm for performing the tests described above. We apply the method to assess whether
changes in the joint distribution of the Northern Hemisphere temperature and precipitation
between ENSO phases and between 30-yr periods of the reanalysis data are statistically
significant. Then, we present a version of the proposed method for model intercomparison.
Finally, we present an example of how this method was used for the analysis of the joint
pdf’s of jet/eddy energy showed in this study.
B.4.2 The method
There are many tests available in the univariate setting, e.g., t-tests for the di↵erence in
means, or Kolmogorov-Smirno↵, Cramer-von Mises, Wilcoxon signed-rank etc tests for the
probability distribution of a single variable. However, to our knowledge, despite its impor-
tance, the general multivariate case is not well covered. Here, we consider a non-parametric
design for exploring this case, using o↵-the-shelf estimators of the joint probability distribu-
tion of multiple variables as a building block for the metric and test design. As examples of
the combinations of multiple variables that may be of interest to the investigator, one can
consider (Pt, Pt 1) or (Pt, Tt), (Pt, Tt, Nt), where P denotes precipitation, T temperature,
and N the NINO3 index, and t is a time index that could be daily, monthly or seasonal. The
sample size associated with the test could be small (e.g., for seasonal or annual composites)
or relatively large (e.g., for daily data). Further, the sample size for the two samples may
not be equal, e.g., we may have a 100 year sample from the historical data and 10 ensemble
members from a GCM covering the same historical period, leading to a pooled sample of
1000. The univariate case is an obvious subset of the general multivariate test we wish to
develop.
The approach we take to developing the test statistic for a di↵erence between the samples
is itemized below:
1. Consider that samples x1 and x2 of length n1 and n2 respectively are available for a
d-dimensional random variable x.
2. Define Lij as the likelihood that sample i could have been generated by the same
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process that generated sample j. Note that under the null hypothesis that the two
samples are generated by the same mechanism, Lij should be equal to Lji at least in
expected value.
3. Using a method of choice for estimating a multivariate probability density function
from data, estimate the probability density function fi(x) using the data for the sample
i. We consider the use of local polynomial density estimation locfit [Loader, 1999],
available in the open source software R and in Matlab and Splus, for the purpose, but
other methods based on kernel density estimators or copulas would also be useful.
4. Estimate the likelihood Lij by computing the likelihood of the sample j as coming






If the likelihood Lij is high then the two samples belong to the same underlying population.
Conversely, if it is low, then the null hypothesis of the common generating mechanism
would be rejected. This observation suggests that a one-sided significance test that assesses
whether Lij < L↵, where L↵ is the ↵th percentile of the sampling distribution of Lij , is
needed. The test needs to recognize that the sample sizes ni and nj may not be equal. To
derive L↵ for a given situation, we can consider a Monte Carlo design for sampling with
replacement.
Two cases are considered: a) Test whether two samples from historical data come from the
same distribution. b) Test whether a sample from a model simulation come from the same
distribution as a sample from historical data.
B.4.2.1 The Monte Carlo significance test for samples from historical data.
First consider the case where we have n values of historical data and the null hypothesis is
that all epochs or samples drawn from this n length period come from the same distribution.
In this case, the Monte Carlo design to estimate L↵ can proceed as follows:
1. From the full sample of length n, randomly draw a sample i of length ni
2. Fit the probability distribution fi(x) to this sample.
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3. From the full sample of length n, randomly draw a sample j of length nj
4. Compute the likelihood Lij across these two samples using equation B.1
5. Repeat steps 1 through 4, M (e.g., 1000 or 10000) times, and record ⇤k = Lij(k) for
each trial k.
6. Sort the ⇤k , k = 1 · · ·M , to identify the ↵th percentile of ⇤k as L↵.
This method can be used to test whether joint distributions of certain variables correspond-
ing to di↵erent ENSO phases, or di↵erent epochs in the historical record, are di↵erent at a
statistically significant level.
In the following example we apply the method to assess whether the changes in the joint
distribution of mean precipitation and temperature in the latitudinal zone 30 N   50 N
are significant between ENSO phases and between 30-yr periods of reanalysis data. We use
seasonal (DJF) mean precipitable water of the entire atmospheric column and surface air
temperature averaged longitudinally and latitudinally in the zone 30 N   50 N . The vari-
ables are computed from the 6-hr data of the 20th Century Reanalysis V2 dataset [Compo
et al., 2011]. This example is equivalent to the tests performed in this thesis, in Part I of
this dissertation.
Figure B.17 shows the joint probability density function of temperature and precipitation
for 30-yr long periods from 1872 to 2008. We demonstrate the application of our method for
answering the question: Are the changes in the pdf between these 30-yr periods statistically
significant?
We follow steps (i) to (vi) described above and determine the significance level to be
L↵ = 0.57 at the 10% level. Table B.1 shows the likelihood that sample i (rows) be drawn
from the distribution of sample j (columns). The highlighted numbers indicate a rejection
of the null hypothesis, i.e. the two samples are distinct at a statistically significant level.
Visual inspection of figure B.17 indicates that the latest period (1991-2008) is di↵erent from
the other periods. Also, periods 1901-1930 and 1931-1960 overlap the least. The method
identifies these di↵erences, as shown in table B.1.
We now wish to test whether the changes in the joint distribution of precipitation and
temperature between ENSO phases are statistically significant. Figure B.18 shows the joint
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pdf with respect to ENSO phase, and table B.2 presents the likelihood values, computed
by the 6-step process described above.
The 10% significance level is equal to 0.63. The null hypothesis is rejected on one-side (Lij),
indicating that the di↵erent ENSO phases result in di↵erent precipitation-temperature pdfs.
B.4.2.2 The Monte Carlo significance test for model intercomparison.
The second case considered pertains to the comparison of simulated data from a GCM
to historical data over the same period, or for comparing any two data sets that were
independently generated. The experiment described above could actually be approached
from this perspective as well. The key di↵erence is that in the previous experiment we
may have ni ⇡ nj ⌧ n, and we are subsampling from n, and we now relax both these
assumptions. Note that since Lij 6= Lji if the null hypothesis is rejected, one could also use
Dij = Lij   Lji as a test statistic, and test the two side null hypothesis that Dij = 0, at a
significance level ↵. The corresponding Monte Carlo design can be as follows:
1. Compute Dij = Lij   Lji from the original samples of length ni and nj respectively.
Let us label these samples as A and B.
2. Draw M paired bootstrap samples (with replacement) of length ni from A and nj
from B.
3. For the kth paired sample compute Lij(k), Lji(k), and  k = Lij(k)  Lji(k).
4. Sort  k to identify the percentiles D↵/2 and D(1 ↵)/2 corresponding to the significance
level ↵.
5. If, D↵/2 < D(1 ↵)/2, then accept the null hypothesis that the two samples A and
B represent draws from the same underlying random process, else the hypothesis is
rejected.
B.4.3 Application to the joint pdf’s of jet and eddy energy.
The above-described test was applied to determine statistical significance for the changes
in the joint pdf’s discussed in the previous chapters. As an example, we describe below the
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process followed for PC-1 and PC-2 of the jet energy. The same process was used for all
other joint pdf’s.
The population I from which the samples are drawn is the daily winter (DJF) data of jet
and eddy energy. We first select sample i of PC-1 and PC-2, which has size ni and corre-
sponds to the days at the high tail of the joint {EPG,OLC} pdf (strong EPG and OLC).
Then, we select sample j of PC-1 and PC-2, which has size nj and corresponds to the days
at the low tail of the joint {EPG,OLC} (weak gradients). We compute the joint pdf’s of
PC-1 and PC-2 for each sample, namely fi(PC1, PC2) and fj(PC1, PC2). We then use
equation B.1 to calculate the likelihood Lij that the sample i be drawn from a population
with pdf fj(PC1, PC2), and the likelihood Lji that sample j be drawn from a population
with pdf fi(PC1, PC2). The values of this likelihood are reported for each case considered
in tables 15.2 to 15.10.
We then use the Monte Carlo method described above (steps i to vi) to determine the
significance levels L↵ij and L
↵
ji, which are reported in the rightmost columns of tables 15.2
to 15.10: The null hypothesis is that the two samples can be drawn from the same joint
pdf. We randomly select samples of size ni and nj from the full population I and compute
the likelihoods Lij and Lji from equation B.1. We repeat this 1000 times and then define
the 5th percentile of the resulting Lij and Lji measurements as the significance levels L↵ij
and L↵ji. If the computed Lij and Lji from our original samples are below the significance
levels L↵ij and L
↵
ji, then the null hypothesis is rejected and the conclusion is that the two
joint pdf’s of sample i and j are distinct at the 5% level. In other words, the change in the
joint pdf shown in the figures of this study is statistically significant. The cases that the
null hypothesis is rejected are highlighted in the tables.
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Figure B.1: The univariate pdfs for the PCs of the jet and eddy energy for weak/strong
gradients (left panel), and El Niño/La Niña (right panel). An ’x’ mark denotes statistical
significance. The sample size for each case is given in table 15.11. Data: ERA-Interim
226 APPENDIX B. APPENDIX TO PART II
Figure B.2: The univariate pdfs for the PCs of the jet and eddy energy for weak/strong
gradients in the 20th century (left panel), and RCP8.5 simulation (right panel). An ’x’
mark denotes statistical significance. The sample size for each case is given in table 15.11.
Model: CanESM2
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Figure B.3: The univariate pdfs for the PCs of the jet and eddy energy for the ENSO
phases in the 20th century (left panel), and RCP8.5 simulation (right panel). An ’x’ mark
denotes statistical significance. The sample size for each case is given in table 15.11. Model:
CanESM2
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Figure B.4: As in B.2 (weak/strong gradients) for GISS E2-H.
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Figure B.5: As in B.3 (El Niño/La Niña) for GISS E2-H.
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Figure B.6: As in B.2 (weak/strong gradients) for NorESM1-M.
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Figure B.7: As in B.3 (El Niño/La Niña) for NorESM1-M.
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Figure B.8: The barplots of the number days by month in each tail (strong and weak
gradients) for the 20th and 21st century in the three models. In general, the high tail
(strong gradients) corresponds to January, and the low tail (weak gradients) to January.
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Figure B.9: The leading EOF structures of the jet energy (u2250) at 250 hPa after removing
seasonality. The EOFs describe the shifting and strengthening near the core of the jet.
234 APPENDIX B. APPENDIX TO PART II
Figure B.10: The joint pdf of PC-1 and PC-2 of the leading EOFs shown in figure B.9. The
joint pdf shows increased variability during the winter contracts during the summer.
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Figure B.11: The spectral analysis of El Niño in the 20th century simulation of CanESM2.
a) The detrended NINO3.4 SST anomaly time series, normalized by its standard deviation.
b) The wavelet power spectrum of the NINO3.4 SST anomaly. c) The global wavelet
spectrum. d) The average variance in the 2-8 year range. Dashed lines and black curves
indicate significance with respect to signals being AR1 processes, and the cone of influence
excludes regions subject to edge e↵ects. The trend that was removed from the time series
is shown in figure 15.21.
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Figure B.12: As in B.11 for the RCP8.5 scenario of CanESM2.
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Figure B.13: As in B.11 for GISS E2-H (historical).
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Figure B.14: As in B.13 for the RCP8.5 scenario of GISS E2-H.
APPENDIX B. APPENDIX TO PART II 239
Figure B.15: As in B.11 for NorESM1-M (historical).
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Figure B.16: As in B.15 for the RCP8.5 scenario of NorESM1-M.
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Figure B.17: The joint probability density function of precipitation and air temperature
(30 N   50 N) for 30-yr periods over the late 19th-20th century.
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Figure B.18: As in figure B.17, for di↵erent ENSO phases.
APPENDIX B. APPENDIX TO PART II 243
Table B.1: The likelihood Lij that 30-yr-period joint pdf’s of temperature and precipitation
be drawn from the same population. Highlighted values indicate pdf’s that could not be
drawn from the same population, because both Lij and Lji (bold) or at least one of them
(italic) rejects the null hypothesis.
1872-1900 1901-1930 1931-1960 1961-1990 1991-2008
1872-1900 - 0.83 0.59 1.02 0.07
1901-1930 1.29 - 0.52 0.95 0.10
1931-1960 0.64 0.09 - 1.16 0.38
1961-1990 0.50 0.15 0.64 - 0.31
1991-2008 0.02 0.0005 0.38 0.48 -
Table B.2: As in table B.1, for di↵erent ENSO phases. The null hypothesis is rejected on
one-side (Lij), indicating that the di↵erent ENSO phases result in di↵erent precipitation-
temperature pdf’s.
warm cold neutral
warm - 0.62 0.62
cold 0.78 - 0.82
neutral 1.16 1.15
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